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PREFACE 

The material comprising the twenty-six lec- 
tures contained in this book formed the basis of 
a course on vacuum-tube design given by RCA engi- 
neers for company employees during the Winter of 
1937 and the Spring of 1958. The lectures were 
intended to provide a review of the basic prin- 
ciples underlying the design and manufacture of 
vacuum tubes. They appear in the order in which 
they were presented and ina few instances include 
new material added at time of publication. 

Each lecturer has treated his subject accord- 
ing to his own viewpoint. In general, the treat- 
ment is non-mathematical. Numerous formulas and 
charts of particular interest tothe design engi- 
neer have been included. 

Throughout the book, numerous references to 
sources of information have been given. Refer- 
ences to pub I i shed material list the publication; 
those to unpublished material are keyed. The 
keyed sources are ava i lab I e to author i zed persons 
for reference purposes in our Library. 

The Editors 
Harrison, New Jersey 
December, 1940 
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Lecture I 

FILAMENTS AND CATHODES — Part I 

E. A. Lederer 



A. THERMIONIC MISSION 

1. Introduction 

Electrons can be dislodged from matter by the 
action of incident light, Isy bombardment with 
electrons, by bombardment with positive ions, by 
metastable atoms, by the action of heat, or hy 
applying intense fields. In the following we 
shall confine our interest only to the action of 
heat, commonly termed the field of thermionics. 

The name implies that electix)n emission so 
obtained is a fimction of the temperature. But 
a cursory inspection of the phenomenon reveals 
that it is also a function of the material. The 
temperature function is expressed mathematically 
in the Richardson-Dushman equation which is known 
to fit experimental results within the error of 
measurement. The material ftinction is contained 
in the equation in form of a factor A and a fac- 
tor (p , the magnitude of which Is at present de- 
termined only empirically. 

The number of materials exhibiting themiionic 
emission of sufficient magnitude to be usable in 
varioiis experimental and commercial devices is 
small. All materials, elements, and compounds 
holding a fair promise of becoming usefiol have 
been tested in the past three decades and the 
hope to add one more to the list is indeed very 
remote. Thermionic emission has been observed 
with 

1) clean metals (represented by timgsten) . 

2} metals with minute surface contamina- 
tions (often called monomolecular films, repre- 
sented hy thoriated tungsten) . 

3) metal compounds like oxides, sometimes 
termed semi-conductors (represented ly the oxide- 
coated cathode which at present is commercially 
the most important electron emitter) . 

All the materials have one property In common: 
they are conductors of electricity, at least at 
elevated temperature. 

The property of metallic conduction is inter- 
preted by the modem electron theory of metals. 
The carrier of the electric current is the elec- 
tron, the smallest particle of electricity. 

2. Some Properties of the Electron 

The charge carried by an electron is 



n = 



1.591 X 10' 



7^ 



0.629 X 10^9 



q = 1.591 X 10" 



-19 



coulomb 



e = 4.. 77 X 10-10 e.s.u. 

Thus J if a current of 1 ampere flows through a 
wire, and since 1 ampere = 1 cotilomb per second, 
the number of electrons per second which pass a 
given cross-section of the wire is given by 



An electron is the origin of a field of force 
and therefore has an equivalent mass which, ex- 
pressed in grams for the electron at rest, is 

m = 9.035 X 10"^* grams 

The difference in mass between the moving 
electron and the electron at rest is very slight; 
only when its velocity approaches that of light 
does its equivalent mass increase notably. 

If we assume that the electron has spherical 
shape, the size of its radius is given by 



r = 1.85 X 10-13 



cm 



If an electron is moved through a potential 
difference of V e.s.u., its kinetic energy 
changes according to the relation; 

V'q = 3/2 mv2 

Changing from e.s.u. to volts (1 e.s.u. = 300 
volts), we obtain the following equation for the 
velocity v. 

V = 5.9'+ X 10' X V volts cm per sec. 

3 . Modem Electron Theory of Metals 

According to modem theory, the difference 
between the electrical properties of metallic 
conductors and insulators is that in the metal 
some of the electrons are free, while In the in- 
sulator they are bound to the atom. When a dif- 
ference of potential is applied to the metallic 
conductor, the free electrons are set in motion 
£ind thus conduct current. In an insiilator, how- 
ever, the electrons are displaced somewhat by 
the electric forces but still remain part of 
the atomic system. 

The classical theory of electric conduc- 
tion was formulated by Lorenz and expanded by 
Thomson, Rlecke, and Drude. This theory postu- 
lates that the metal consists of a rigid lattice 
structure built up from atoms, the interstices 
of which are occupied ty free electrons. The 
electrons are thought of as being in to-and-fro 
motion, colliding with each other and with the 
atoms of the lattice. Because of this similari- 
ty, we speak of the "electron gas" in metals. 

With a picture like this involving moving 
particles all of one kind, size, and charge, the 
most logical question is: what is the velocity of 
these particles? With such an enormous num- 
ber of particles, it is utterly futile to assign 
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individuality to each and every particle and to 
chart their velocities. Instead we group them 
together and talk of a certain number of parti- 
cles having velocities between certain limits. 
Exactly the same system is used in other sta- 
tistics. For example, we speak of the life ex- 
pectance of the popiilation between the age limits 
of 20 and 21 years as being, say, 42 years. The 
goal of any statistical theory is to establish 
a distribution function iiy means of which we 
express the limit of velocity v + dv for a given 
number of particles n + dn. 

Maxwell has computed the most probable ve- 
locity distribution of molecules in gases under 
ordinary conditions of pressure and temperature. 
And following his lead, the classical electron 
theory has assumed that the electrons in the 
metal have a Maxwellian velocity distribution. 
With this assiomption which is the least restric- 
tive of any we can make, a few properties of the 
metal coiJxi be explained, but others, such as 
the specific heat of the metal, showed differ- 
ences between computed and observed values. 

The Maxwellian distribution requires that the 
energy of the free electrons vanish at absolute 
zero, whereas from speculations in connection 
with the specific heat of metals, the free elec- 
trons should still jwssess considerable kinetic 
energy at QOK. The logical inference is that if 
the free electron gas exists at all, its velocity 
distribution cannot be Maxwellian. The next step 
in modifying the classical theory was carried out 
by Sommerf eld in 1925 • Digressing for a moment, I 
should probably mention that in 1916 a very con- 
vincing experiment proving the existence of the 
free electrons in metals was made by Tolman and 
Steward. In modifying the classical theory, 
Sommerf eld applied the Pauli-exclusion principle, 
the counterpart of which in statistical mechanics 
is the Fermi statistics, and could account for the 
first time for the correct value of the specific 
heat and other observed properties of the metals . 

According to the Fermi statistics, the free 
electrons in the metal are endowed with kinetic 
energy even at absolute zero, and no two elec- 
trons in the metal can have the same kinetic 
energy. Instead, the electrons are spaced out 
according to a definite law. The result is that 
while the slowest free electron has no kinetic 
energy it is the only one of this sort. There 
is one, then, with a small value of energy, one 
with a larger value and so on until the fastest 
of the free electrons has quite a large value of 
kinetic energy, i.e., such as that which it 
would get by falling through a difference of po- 
tential of several volts. This distribution 
holds at absolute zero, and increasing the tem- 
peratiu'e produces very little change in the 
energy distribution. However, it is this small 
change which we use in thermionics. 

An atom in a metal contains several loosely 
bo\md electrons surrounding a much more stable 
core consisting of the positive nucleus and a 
number of electrons. The loosely bound elec- 



trons are the ones which can be removed when the 
atom in question enters an ionic crystal. (Sodium 
chloride, for example, is an ionic crystal). How- 
ever, in a metallic lattice, these electrons re- 
main free because there is no electro-negative 
element (like chlorine in sodium chloride) to 
bind them. They are free to wander through the 
metallic crystal, and thereby carry electric cur- 
rent. The picture of a metal is then roughly a 
sea of electrons containing enough positively 
charged ions to make the whole thing electrically 
neutral. Different metals vary greatly in the 
fraction of the voliune occupied by the positive 
ions. In an alkali metal, this volume may be 
only lOSJ, the remaining 90^ of the volume being 
occupied by the free electrons. The volume oc- 
cupied by positive ions in the ferrous-type 
metals may amount to 50$^ and over. The space 
occupied by the positive ions is used by Slater 
to compute some of the physical properties of 
the metal, such as ductility. 

The electrons would diffuse right out of the 
metal by virtue of their velocity if it were not 
for some sort of restraining action. However, if 
an electron escapes, it leaves a positive charge 
of equal magnitude behind tending to prevent the 
escape of further electrons. For example, cath- 
odes in rectifier tubes attain a positive charge 
because electrons are removed. 

The attraction between the electron just out- 
side the metal and the positive charge induced in 
the metal is called the image force and is numeri- 
cally eq\ial to 



F = 



(2x)^ 



where x is the distance of the electron from the 
surface of the metal. With only the iiriage force 
acting, the egress of electrons would, there- 
fore, ultimately be prevented by the building up 
of a surface charge but, as we find experi- 
mentally, this is not the case. Modem theory, 
therefore, postulates the existence of the re- 
straining action at the surface of the metal in 
the form of a potential barrier, such that a 
definite amount of work, characteristic of the 
metal, must be done if the electron is moved 
from the interior to free external space. 

If we denote by W^ the change in potentieil 
energy of a single electron after it has been re- 
moved from the metal, then Wa is also the work re- 
quired to overcome the restraining action and 
corresponds to the energy required for removing 
an electron which was initially at rest in the 
metal. For removing an electron possessing ki- 
netic energy Wj[ in the metal, a smaller amount of 
energy is required and is equal to Wa - W^. 

It seems justifiable to assume as Sommerfeld 
and Nordheim did, that all those electrons which 
have a velocity component p normal to the surface 
greater than a value p^ , given by the relation 
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2 

Po 



= W. 



will escape and, therefore, will contribute to 
the thermionic current. Computing the number of 
electrons N(W)dff Krtiich have velocity components 
normal to the surface between W and dW, and which 
impinge from Internally on the metal surface of 
unit area in unit time, Nordheim found the rela- 
tion: 



<p , the work function, is temperature dependent. 
However, no experiment has been devised as yet to 
support this dedxujtion. FortTinately, Wg. can be 
determined independently from thermionic and 
photo-electric measurements. It has been obtained 
from electron diffraction data making use of the 
de Broglie relation 



\ = 



mv 



N(W) = -^kT log I 1 - 6 



W - Wj 
kt 



In this equation k is Boltzmann's constant (k = 
1.37 X 10~i6 ergs/degree) and h is Planck's con- 
stant (h = 6.55 X 10-27 erg sec). The graphical 
representation of the equation for T = is given 
in Fig. 1. As the temperature is increased, elec- 
trons appear with greater frequency in increas- 
ingly higher energy levels. For temperature T, 
the distribution is shown by the dashed line. We 
see qualitatively that the difference between W^ 




ENERGY 



Fig. 1 



and Wi must be a decisive factor in determining 
the number of electrons having sufficient kinetic 
energy to escape. This difference divided by the 
electronic charge, e, is called the work function. 



Wa - 



<P = 



Thus, (pxe is the energy required to remove one 
electron with the highest energy (Wj^) at abso- 
lute zero from the metal. Or in other words, it 
is the latent heat of evaporation at absolute 
zero. 

Wi can be calculated from the formula 



Wi = 



h» /3n\l 



8m 



n 



where n is the number of free electrons per unit 
volume in the metal. 

Since metals expand when heated, it is readily 
seen that the electron concentration per unit 
volume changes with the temperature, that W^ 
changes but only slightly, and that consequently 



connecting the wavelength \, the electron ve- 
locity V, and its mass m. In this equation h is 
Planck's constant. Davison and Gerraer carried 
out this measurement and found that W^ for Ni 
was 16.5 to 18 volts. Since the work fiinction 
of Ni ~ 5 volts, Wi would come out to be 11 to 
13 volts. If we assume two free electrons per 
atom, Wi as computed for Ni is 11.7 volts. 

Let us consider what happens when two metals 
(a) and (b), as shown in Fig. 2, are in contact 
with each other at constant temperature. Experi- 




ence shows that the system is in equilibrium with 
a characteristic potential difference Vj^^, across 
the external surface. At absolute zero;, the maxi- 
mum kinetic energy W^ is a material function and 
can be computed from 



h /3n\3 



8m 



We assume that V^. > Wij^. This means that the 
maximvun kinetic energy normal to the surface is 
greater in (b) than in (a) . Therefore, an xm- 
oompensated stream of electrons would flow from 
(b) to (a) were it not for the barrier action at 
the interface. Thus, eqiiilibriian is restored 
again and the loss or gain in kinetic energy at 
the interface is equal to Dg^v = Wi - Wii.. 

Electrons passing from (a) to (b; are acceler- 
ated at the joint and those passing from (b) to 

(a) are retarded. An electron coming from (a) to 

( b) with maximum kinetic energy Wi^^ is accelerated 
by Dg^^j and enters (b) with energy Wi^. An elec- 
tron with zero energy in (a) arrives with energy 
Dab in (b) . Electrons coming from (b) with maxi- 
m\im kinetic energy V±-^ are retarded by Dgb and 
arrive in (a) with energy W^ = 71^, - Dab; those 
with kinetic energy D^b arrive in (a) with zero 
kinetic energy. No electrons with energy values 
smaller than Dab can pass the interfacial region. 

Equilibrium demands that the number of elec- 
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trons leaving with any kinetic energy be eqiial to 
the nianber entering with the same energy. This 
condition shows that tiie distribution function in 
(a) and (b) must be of the same form, one curve 



displaced with respect to the other by 
shown in Fig. 3- 



Dab* 




Fig. 3 
4.. The Emission Formula 

In the light of modem electron theory, we 
shall now investigate qualitatively the process 
of electron emission from a clean metal. We treat 
the interior of the metal as a region of uniform 
potential with a barrier at the siirface beyond 
which the potential changes to that of an elec- 
tron outside of the metal. In Fig. J+, B indicates 
the surface of the metal to be thought of as a 
plane perpendicular to the plane of the paper. 




METAL 

Fig. 4 

Thus, the direction X is normal to the surface of 
the metal. The metal atoms are arranged in a 
three-dimensional lattice and the energy of an 
electron depends upon its location with respect 
to this lattice. We are interested in the forces 
acting upon an electron moving in the X-direction, 
and take the line integral of force, i.e., the 
potential of an electron as a function of its 
location along the X-direction. Actually the po- 
tential undergoes rapid changes near the atoms 
which are shown qualitatively by the dotted lines P. 

The innermost levels K, L, M, etc., are all 
occupied. Electrons may be pictured way down in 
the potential valleys. The farther out the elec- 
trons in the structure of the single atom are, 
the more they are influenced by forces exerted by 
neighboring atoms. The valency electrons are 
thought of as being held so loosely and the bind- 
ing forces acting upon them so weak and the in- 
fluence of other atoms so great that they are as- 
sumed to move freely within the lattice. By doing 
so, they maintain the proper average charge to 
keep all regions electrically neutral. 

The line marked indicates the neutral zone 
through the potential hills and valleys. If we 
assume that there is no surface contamination on 



the metal, the difference between Wa and can be 
assumed to be fixed. Wi indicates the highest 
energy levels at CX>K and is chaxacteristic of the 
metal. 

We must find now the number of electrons with 
X-energy between Wx and W^^ + dWx impinging on the 
barrier surface per unit Eirea in unit time . Clas- 
sical as well as quantum mechanics show that all 
electrons with Wx < Wa are reflected and, there- 
fore, cannot contribute to the measured thermionic 
current. Electrons with higher energy than Wa 
have a definite probability of escape. When the 
energy Wx ^^ very high, this probability D(Wx) is 
very near unity, but when Wx = Wa, it miist fall 
to zero. 

The electron current from the clean metal sur- 
face can be expressed by 



i = e / D(W„) N(W„) dW- . 



N(T/x) dWx, the number of electrons impinging in 
the X-direction on unit area in unit time, has 
been computed by L. Nordheim and is 



N(Wx) dWx 



4TimkT 



kT 



In 1 + e 



On substituting and integrating and assuming that 
the probability of escape D(Wx) = 1, we obtain 



1 = 



4nmk*e 



kT 



Denoting 
we have 



4nmk*e 



by Ao , 



i = AoT^ e 



kT 



The emission formula arrived at in this manner 
is remarkable not only in that it agrees in form 
with the earlier formula derived thermodynamic ally 
by Richardson, but also in that the material con- 
stant Aq Is Identical with that obtained by 
Dushman and Laue if corrected for electron spin 
( see paragraph on the Constant A) . 

In older publications, the formula la often 
given as follows: 



= AT* 
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or 



= A'T 



where bo Is a constant defined below. We know 
now that the T^ formula is better founded theo- 
retically than the Richardson T^/^ formula de- 
rived "by him from the classical theory. The ac- 
curacy with which temperatures and emissions are 
measurable is not great eno\igh to establish any- 
thing beyond the fact that the temperature varia- 
tion of emission is dominated l^ a factor of the 
type e-WT. 

The relation between Bq and ip is given by the 
eqiiation 

me 
bo = — 



Substituting the proper valiie for tungsten, we 
get for (pfl 



<P„ = 



^o*^ 52600 X 1.371 X lO"^^ 



1.591 X 10 



•19 



= 4.53 volts 

(The electronic charge has been e?:pressed in 
coulombs and the constant k in joules/degree) . 
The velocity necessary for the egress of all the 
electrons from tungsten is, therefore: 



V.., = 0.594 X 10 / 4.53 

SAX 



= 1.3 X 10 cm/sec. (approx. ) 

The temperatiu:e necessary for the egress of all 
electrons from tungsten is 



value of A should be corrected by a factor of 2, 
so that 

Aq = 120 amp./cmVdegree 

That this value is in poor agreement with the 
observed value as extrapolated from Richardson's 
equation for variotis emitters is probably due to 
our inability to produce chemically clean sur- 
faces. Another explanation was offered by Dr. 
W. B. Nottingham according to which the work 
function depends upon the crystal orientation. 
Since we use polycrystalline wires, we observe 
average and not optimum work function. There 
are only very few metals which can be degassed 
sufficiently in vacuum so as to clean their sur- 
face to a satisfactory degree. These metals 
are tungsten, molybdeniun, and tantalum. An in- 
spection of the following table will be con- 
vincing that the agreement between theory and 
actual observed value is best in the three cases 
just mentioned. 

Table I 





A 


WORK FUNCTION 


EMITTER 




9 




amp/cm^/degree^ 


Volts 


W 


60 - 100 


A.5A 


Re 


200 


5.1 


Pt 


170000 


6.27 


Mo 


55 


4.15 


Ta 


60 


A.l 


Ba 


60 


2.11 


W-O-Ba 


0.18 


1.34 


W-Th 


3.0 


2.63 


W-Ba 


1-5 -,-, 


1.56 


W-0 


5 X loH 


9.2 



T,ax = 11604 X ^, 



= 52600 degrees. 



Obvious limitations do not permit us to heat 
tungsten cathodes to much more than 2800OK at 
which temperature it has been computed that only 
about one electron out of every 100000 electrons 
has sufficient velocity to escape. We see, there- 
fore, that the emission currents drawn within 
realizable temperature ranges practically do not 
influence the electron concentration in the metal . 



6. The Transmission Coefficient 

Electrons impinging upon a potential barrier, 
such as we assume to exist on the surface of a 
metal, may be in part reflected, and in part they 
may "pass over" the barrier. Thus, the rela- 
tion between the reflection r and transmission 
coefficient D is given by the relation 

D = 1 - r 



5. The Constant A 

That the constant A must approach universal 
constancy was shown first by Richardson. Laue 
and Dushman calculated A, making certain assump- 
tions, and found the universal value: 

A= 60.2 amp./cm2/degree^ 

Recently, in view of the electron spin, dis- 
covered by A. Compton and by means of which 
Pauli cotild account for the magnetic properties 
of the alkali metals, it has been found that the 



If the kinetic energy of the impinging electron 
is smaller than the energy required to pass over 
the potential barrier, the electron is reflected 
according to classical mechanics. In the light 
of wave mechanics, according to which electrons 
behave also as waves, there is a certain proba- 
bility that the electron wave train can pass 
through the barrier. This probability depends 
upon the potential distribution on both sides of 
the barrier and upon its thickness. The phe- 
nomenon is the analogue of the optical phenome- 
non in which a light beam in an optically dense 
medium is not totally reflected when interrupted 
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by a layer of optically less dense materitil pro- 
vided the latter' s thickness does not exceed a 
few wavelengths. For practical purposes and 
always if the kinetic energy of the impinging 
electron is larger than the height of the barrier, 
the transmission coefficient is very nearly unity 
and, therefore, has been neglected in our emis- 
sion formula. 

In making certain simplifying assvunptions, 
Dushman has calculated the thickness of the po- 
tential barrier on thoriated tungsten and found 
it not to exceed 3 angstroms. Since the diameter 
of a thorium atom is 5.1 angstroms, the correla- 
tion appears to be satisfactory. 

We miist remember, however, and this is well 
supported by observation, that a minute surface 
contamination on the emitter may change both the 
work function and the constant A profoundly. We 
seek the explanation in the shape and height of 
the potential barrier and may expect more prac- 
tical information from a study of surface con- 
tamination by electron diffraction. 

7. Testing of the Emission Formula 

The material to be tested, preferably in the 
form of a thin wire, is mounted inside a cylin- 
drical anode consisting of three parts as shown 
in Fig. 5. The two outer parts of the anode, 
called guard-rings, serve to confine the emis- 
sion measurement to the central portion of the 
filament which is at uniform temperature. 




Fig. 5 

In order to test our emission equation, it is 
necessary that the potential difference between 
filament and anode be zero, and that the emission 
current be measured as a function of the fila- 
ment temperature. Because of the voltage drop 
along the filament and the contact potential 
difference between filament and anode, the mea- 
surement is carried out with an anode potential 
ranging between 30 and 600 volts and is then 
extrapolated to zero. 

If we denote the quantities which we obseirve 
with the subscript "ob", the emission formula 
as measured is 



<"f. 



300 kT 



or log 



Ob 



= log a + log A 



e<P, 



Ob 



690 kT 



Plotting log(iob/T2) as ordinates and l/T as ab- 
scissa, we obtain a straight line having the slope 

Z- = b 

690 kT ' 

Inasmuch as we used anode voltage and because, 
as Schottky has pointed out, the applied voltage 
aids the escape of electrons and decreases the 
q) , we have to correct for this. Schottky' s 
relation is: 



log i = log io + 



1.906 E'' 



where E is expressed in volts/cm. For concentric 
cylinders, we have 



r In 



"ob 



= a A 



ob 



where r = radius of filament and R = radius of 
anode, both in centimeters. 

B. EMISSION FROM CLEAN METALS 

Experience has shown that electron emission of 
sufficient magnitude for practical pijrposes can 
be had from clean metals only at temperatures in 
excess of about 2000OK. This limitation in tem- 
perature range limits the number of clean metal 
emitters to very few among which tungsten, tanta- 
lum, and molybdenum are the only metals of prac- 
tical importance. 

Metals cannot be regarded as clean unless their 
surface and their interior as well, have been 
substantially freed from contamination. All three 
of the previously mentioned metals have been used 
as thermionic emitters, but only tungsten and 
tantalum are used commercially. The difficulty 
encountered with molybdenum is its comparatively 
high vapor pressure and consequently cathodes 
made of it have short life. Tantalum, like mo- 
lybdenum, has a slightly lower work function than 
tungsten. Tantalum is mechanically not strong 
enough and "sags" under the combined influences 
of temperature and the electrostatic forces be- 
tween cathode and anode. 

The thermionic properties of tungsten are known 
with greater acctu-acy than those of any other 
metal. Not only has tungsten the highest melting 
point (36550K) of all metals but its chemical 
compounds formed with various gases, particularly 
oxygen, are more easily removed by heat treating 
than those of tantalum for example. Furthermore, 
the temperature scale of tungsten has been sttidied 
with great accuracy. 
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In high-power transmitting tubes, tungsten is 
the only metal rugged enotigh to withstand all the 
mechanical and chemical requirements. As seen 
from Table I, the work function of tungsten in- 
creases more than twofold after exposure to oxy- 
gen. AlthoTigh the oxygen contamination can be 
removed by heating the tungsten to a temperature 
In excess of I8OOOK, it is obvious in order to 
maintain a steady emission level with respect to 



small diameter. Wires of larger size can be 
operated at a higher temperature for the percent- 
age loss due to evaporation becomes smaller with 
increasing bulk of the emitters. 

Practical design data for pure tungsten fila- 
ment, as employed in our transmitting-tube sec- 
tion, will be given by Ur. Spitzer. The proper- 
ties of pure tungsten wire which are of importance 
to the radio-tube designer are given In Table II. 



Table II » 



Temperature 
OK 


Resistivity 
microhms/cm 


Tot^l Radiation 
Intensity 
watts/cD^ 


Electron 
Emission 
amp/cm2 


Rate of 
Vaporization 
grams/om2/sec 


300 
600 
900 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 


5.64 
13.54 
22.58 
37.02 
38.52 
45.22 
52.08 
59.10 
66.25 
73.55 
81.0 
88.5 
96.2 


.0015 
.048 
.379 
1.691 
3.82 
7.77 
14.22 
23.72 
37.18 
55.8 
80.8 
112.9 
153.9 


5.75 X 10-9 
8.05 X 10-" 
3.92 X 10-5 
8.92 X 10-^ 
1.14 X 10-2 
1.02 X 10-1 
6.48 X 10-1 
3.21 


3.7 X 10-20 
6.22 X 10-17 
2.32 X 10-1^ 
2.90 X 10-12 
1.58 X 10-10 
4.64 X 10-9 
8.28 X 10-3 
9.92 X 10-7 



* Data given In this table apply to well-aged tvingsten. 



time, that the vacuum in the device must be of a 
high order. Expressed in common units, the vacuum 
should be 10-° mm or less. Attainment of such 
a vacuum level is carried out either by the use 
of a getter, or if this is not permissible, by 
internal bombardment of the transmitting tube dur- 
ing exhaust. This latter procedure sputters 
electrode material on the wall of the envelope 
while the gases as evolved are carried off by the 
pump. The sputtered metal on the inner surface 
of the bulb adsorbs gases freed after sealing off 
and thus aids In maintaining the vac\ium. Further- 
more, the tungsten acts in such a manner as to be 
self-gettering in that, during operation, a small 
amount of evaporation and sputtering is unavoid- 
able. The adsorption of gases toy the sputtered 
metal or the getter is considerably enhanced by 
ionization. 

Thus, in view of the known properties of tung- 
sten, we can derive logically an aging schedule 
which consists of two steps: 

1) Removal of gas residue in the device by 
the combined action of sputtering and ionization 
during which the t\mgsten cathode is maintained 
at slightly over the operating temperature. 

2) Cleaning the surface of the tungsten by 
flashing for a short time at a temperature near 
3OOO0K. 

Since evaporation at high temperature seri- 
ously limits the life of a tungsten cathode, it 
is not practical to exceed 24OOOK for wires of 



0. ELECTRON EMISSION FROM CONTAMINATED METALS 

1. Synopsis 

When the surface of a metal is contaminated 
with a film of foreign material, the surface po- 
larization is profoundly changed and concurrently 
the work function and Ite transmission coefficient 
are altered. While such contamination occurs 
abundantly in nature, only a few cases are of 
practical importance and hence have been sub- 
jected to detailed study. The most important of 
these cases are: 

Tungsten - Thorium 
Timgsten - Caesium 
Tungsten - Oxygen - Caesium 
Tungsten - Oxygen - Barium 

The first two cases may be regarded as apply- 
ing to one class of emitter and the last two cases 
to another class. The latter class leads to the 
so-called oxide-coated cathode which will be dis- 
cussed separately because of its technical im- 
portance. In all fotir cases, tungsten is used as 
the base material which is most natural in. view of 
what has been said previously about its proper- 
ties, particularly since it is so readily cleaned 
of imdesired contamination by flashing. 
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2. Thorlated Ttingsten 

a. _The_Main_ Phenomenon — In order to prevent 
offsetting, tungsten filaments were "doped" with 
0.75 to 2% thoria even in the early stages of 
timgsten incandesoent-lamp manufacture. In 1913 
Langmulr and Rogers discovered that the thermionic 
emission of such "thoria-doped filaments" was, 
after certain treatment, several thousand times 
larger than the emission of a pure tungsten fila- 
ment under the same conditions. Various treat- 
ments were tried but the one finally adopted to 
obtain maximum thorium emission is as follows: 

The filament is flashed for a minute or two 
at a temperature higher than 2700OK to reduce 
some of the thoria in the wire to thorium metal. 
At this high temperature, any impurity on the 
surface of the wire is vaporized. Any thorium 
metal diffusing to the surface is immediately 
evaporated so that the activity of the filament 
is substantially that of pure tungsten. 

If now the temperature is reduced to a value 
between 2000° and 2200OK, the rate of diffusion 
is quite high but the rate of evaporation is de- 
creased to such an extent that thorium atoms can 
accumulate on the surface as an adsorbed layer. 
In order that the rate at which the surface be- 
comes covered with thorium can be observed, the 
emission is tested at frequent intervals at a 
comparatively low temperature (I6OOOK) . At this 
temperature the rate of diffusion becomes negli- 
gibly small. Fig. 6 shows qualitatively what 
takes place at various temperatures and it also 
indicates the ranges for reduction, diffusion, 
operation, and deactivation. 



REDUCTION 
RANGE 



DEACTIVATION — 




- 2600° 



-2300» 



-2000° 



1800° 



DEACTIVA- 
TION 
RANGE 



ACTIVATION 
RANGE 



OPERATING 
RANGE 



Fig. 6 

b.Jteductlon o_f JThoria by_TTmgsten_ — The heat 
of formation of thorium oxide is greater than 
that of tungsten oxide. Nevertheless, thoria is 
reduced by tungsten in vacuum owing to the work- 
ings of the mass action law. The reaction oc- 
ctirs at an appreciable rate at 26OOOK and over. 
The tungsten oxide is lost in the vacuum and de- 
posits on the cooler parts of the device. 

That the reduction actually occurs is sup- 
ported by tests and analyses of Smithels, Geiss, 
and VanLiempt irtao examined the residue of flashed 
and untreated filament after dissolving the tung- 
sten. The thorium metal formed is only slightly 



soluble in tungsten and the solubility increases 
with the temperature. The presence of thorium 
metal in the tungsten was confirmed by measure- 
ments of the temperature coefficient of wires by 
Fonda, Young, and Walker. That the formation of 
thorium metal is due purely to dissociation ap- 
pears improbable because extremely high tempera- 
ture would be required for such a process. 

c.JJature_ of _the Surface_ Fi3^ — From work 
by Langmuir, Brattain, Becker, and Nottingham, 
and from the suddenness at which activation and 
deactivation occur, it appears certain that the 
thoriated filament owes its activity to a mono- 
molecular surface film. Thus, at the operating 
temperature, we have an equilibrium between the 
rate of arrival of thorium at the surface and 
the loss due to evaporation. Nevertheless, the 
rate of arrival of thoriiim is believed, and sup- 
ported by evidence, to be greater than the evapo- 
ration of a monatomic film. It is merely the 
surplus of thorium which might form an incipient 
second layer which is lost at the operating tem- 
perature since the surface forces between tung- 
sten and thoriiim are evidently much greater than 
the forces between the second thorium layer and 
the first. Thus, we assume that any surplus 
thorium over the amount necessary to form, main- 
tain, and repair the first layer, is volatilized. 
That there is such a thing as the incipient sec- 
ond layer is evident from cui'ves by Nottingham, 
Brattain, and Becker, vrtio plotted emissivity ver- 
sus tLTie and foimd the former to attain a maximum 
and then to decrease to a slightly lower constant 
level. The foiTnation of this second layer oc- 
curred more readily at lower teiaperatures as 
might be expected. Fig. 7 shows qualitatively 
the phenomenon described. 




d ._Concentration_ _of_ Thorium at_the_Surface; 
Siirface Jligration — Deposition of a contamina- 
tion upon a base material has been observed to 
occur often in conformity with the underlying 
lattice. So, for example, if a polyorystalline 
tungsten wire is heated in an atmosphere of tung- 
sten hexachloride, the tungsten so deposited upon 
the wire is polyorystalline. If a single-crystal 
wire is used, the deposit is monocrystalline • 
From this and other observations, Langmuir as- 
sumed that the concentration of thorium atoms 
must depend upon the geometry of the tungsten 
lattice. Tungsten crystallizes in body-centered- 
cubes, the side of a unit cube being 3-15 ang- 
stroms. ThoriTim, on the other hand, crystallizes 
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in face-centered cubes, the side of a unit cube 
being 5.04. angstroms. Evidently the size of tho- 
rium atoms Is too large for a one-to-one rela- 
tionship and thus Langmulr has calculated that 
the greatest number of atoms which can be packed 
into a monatomlo layer is 64-% of the number of 
tungsten atoms exposed on the surface. Unfor- 
tunately, we have not as yet a reliable method 
to check such speculation. 

Notwithstanding the great attractive forces 
existing between tungsten and the monatomic layer 
of thoriua, there are numero\is manifestations 
that such adsorbed atoms may migrate along zne 
surface. Also it has been held that the thorium 
reaches the surface of the wire by way of the 
grain boundaries. Both statements were recently 
verified 'by Nottingham and Johnson who experi- 
mented with a thoriated filament inside a cylin- 
drical fluorescent screen. With this arrange- 
ment ths magnification of the electron pattern in 
the radial direction was approximately equal to 
the ratio of the screen-to-filament radius, whereas 
the magnification along the filament axis was zeiD. 
From the experiments the following conclusions 
were obtained: 

1) The thoriiun emerges at the grain bounda- 
daries and spreads over the entire surface by 
migration. 

2) The points of emergence are the same 
even after several activations and deactivations . 

3) The surface coverage depends on the ori- 
entation of the timgsten crystal, certain crystal 
faces showing a preferential adsorbtlvlty as com- 
pared with others. 

It has long been known that polycrystalline 
wires give better all-round performance as emit- 
ters than single-crystalline wires. This has 
been recently confirmed ty Clausing who investi- 
gated the emissivity of a single-crystal and a 
polycrystalline wire before and after depositing 
on each a shell of pure tungsten, grown thereon 
from the vapor phase. Clausing observed that the 
single-crystal wire which was encased in a single- 
crystal shell substantially exhibited tungsten 
emission although it was fully activated before 
the shell was deposited. The polycrystalline 
wire, however, activated with practically equal 
ease before and after the shell was grown on. 

e._C_arbonizing_pf Thoriated_Filaments — If a 
tungsten filament is heated to about I6OOOK in a 
hydrocarbon vapor, carbon diffuses into the tung- 
sten. The rate of dissociation of the hydro- 
carbon increases, everything else being eqiial, 
with the gas pressure, whereas the rate of dif- 
fusion of the carbon into the interior of the 
filament decreases with decreasing temperature. 
Therefore, by selecting the gas pressure and fila- 
ment temperature, it is possible to build up a 
shell of carbonized tungsten at the surface of 
the filament. There are two tungsten carbides, 
W2C and WC. The former contains 3.I65S carbon by 
weight, whereas the latter contains 6.12^ carbon. 
Since tlie conductivity of tungsten carbide is 
vastly different from that of pure tungsten, the 



process of carbonization as it progresses can be 
followed ty obsearving the resistance of the wire . 
The conductivity of tungsten (cold) as a func- 
tion of its carbon content is shown in Fig. 8. 




12 3*56 
PER CENT CARBON 

Fig. 8 

Carbonized thoriated-tungsten filaments ex- 
hibit remarkable properties in that the rate of 
evaporation of thorium from such filaments is 
only about I/6 at 2200OK of that from a tungsten 
surface. Hence, carbonized filaments can be 
operated at a higher temperature and, since the 
rate of thorium diffusion can thus be increased, 
the filament is more rrigged toward adverse ef- 
fects. Because tungsten carbide is very brittle, 
and in order to maintain as muoh of the mechanical 
strength as possible, it is customary to convert 
only a certain fraction of the cross-section of 
the filament to carbide and leave the core of the 
filament uncarbonized . Experience has shown that 
all-round satisfactory performance can be ob- 
tained if carbonization is carried out up to SOjS 
of the original conductivity. 

f._ Aging Schedule_aniPqisoning_Effec_t — Hav- 
ing surveyed qualitatively the salient proper- 
ties of the thoriated-tungsten filament and bear- 
ing in mind that thoriiun is very active chemi- 
cally, we can now design a general aging schedule 
for this type of cathode. 

1) Remove residual gas left in the device 
after tip-off by using an active getter and aid- 
ing the clean-up by ionization if necessary with 
filament at temperature slightly less than 2600OK . 

2) After removal of gas, flash filament at 
reduction temperature for not over two minutes. 

3) Activate filament at temperature within 
the thorium diffusion range. If gas has not 
been cleaned up, the filament will not activate 
because of oxidation of the thorium on the wire 
surface . 

Since the ratio of volume to siirface for 
cylindrical filaments changes rapidly with in- 
creasing filament diameter, it is obvious that 
thick filaments contain more thorium reserve per 
unit area of surface to be covered with a mon- 
atomic layer. Hence, if a filament has been de- 
activated for some reason, it is usually possible 
to reactivate it again hy applying the last two 
steps of our aging schedule. Filaments of small 
diameter contain little thorium reserve and once 
deactivated it is usually difficult to restore 
the Initial emission by aging. Therefore, small- 
diameter filaments are particularly sensitive to 
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oxygen poisoning. One sovirce of oxygen poisoning 
is due to the dissociation of oxide films under 
electron bombardment. Another source is the so- 
called "water cycle" known in the manufacture of 
incandescent lamps. The latter source is due to 
the presence in the tube of traces of hydrogen 
which, when ionized, reduces metal oxides as f oimd 
on spot welds and forms water vapor. The water 
vapor attacks the thorium film on the filament 
or the filament proper and forms hydrogen with 
the result that the cycle begins anew. 

Oxygen poisoning caused by dissociation of 
oxide films under electronic bombardment was 
first observed on the type 99. The life of this 
tube using a filament with a diameter of about 
0.0007 inches had been notoriously bad. Changes 
in exhaust, aging, getter, and filament led to 
only temporary relief. Therefore, a detailed 
study was undertaken. In order that as many 
variables as possible might be removed, the emis- 
sion versus time characteristic was observed for 
diodes. First, it was foxmd that every lot of 
filament could be properly activated initially 
if the vacuum conditions were satisfactory. Sec- 
ond, it was found that all tubes had satisfac- 
tory life performance if the applied plate volt- 
age did not exceed 13 volts. Increasing the 
plate voltage beyond this value resulted in a 
more or less rapid deactivation lasting from a 
few seconds to a few hours. The plate material 
in use was nickel. It was obtained from various 



sovirces of supply. Different lots affected the 
deactivation time. The next step was a test of 
other plate materials, and so iron, zinc, silver, 
and platinum were tried. Of these, the last three 
had no effect upon the filament, the emissivity 
remaining constant for several hvuidred hours with 
as much as 50 volts applied to the plate. At the 
same time it was observed on life test that tubes 
which contained a small amount of red phosphorus. 
In addition to the magnesium getter, exhibited a 
much better emission maintenance than regular 
production tubes. 

From this study, it was evident that the de- 
activation observed was due to a minute oxide 
film on the nickel plates. This film formed as 
soon as the plates were exposed to the air after 
hydrogen firing. With an understanding of the 
phenomenon, it was a comparatively easy matter 
to devise a preventative. Since red phosphorus 
was too erratic with respect to results and since 
magnesivmi-nickel alloys containing several per 
cent of magnesium metal coiild not be had, a nickel- 
zinc alloy was finally adopted. Satisfactory 
life-test results were then obtained. The action 
of the zinc during high-frequency heating con- 
sisted in cleaning the siirface of the plate ma- 
terial by diffusion, evaporation, and reduction. 

REFERENCES 

See end of Lecture 2 
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Lecture 2 

FILAMENTS AND CATHODES — Part II 

E. A. Lederer 



OHDE-COATED GATIK)DES 

; L. Introduction 

In the first lecture ire discussed the escape 
of electrons from clean end contaminated metals 
and we noticed the enormous difference in work 
function caused by monatomic layers of two dif- 
ferent materials on a clean metal stirface. Com- 
paring for example thorlated and oxidized tung- 
sten whose fork functl<m8 are 2.6 and 9.2 volts, 
respectively, we find that the emission of the 
former is several millionfold greater than the 
latter at the same operating temperature. The 
oxide-coated cathode is but a special case of a 
contaminated surface and because of its commercial 
importance deserves considerable discxission. 

The first question suggesting itself is: What 
is the definition of an oxide-coated cathode? 
Because of the complexity of the article, both 
from the physical and chemical viewpoint, no such 
definition can be given at present. It seems 
logical to review at first methods of preparation 
and properties before attempting to define such 
a cathode. The definition will at best describe 
only certain salient points because our knowledge 
of this subject is far fX>om complete. 

The oxide-coated cathode was discovered In 
1903 1?y A. Wehnelt, who was studying gas dis- 
charges at that time and observed a considerable 
decrease of the so-called cathode fall, when the 
cathode was accidentally coated with certain im- 
purities. A careflil study of the impurities re- 
veialed -Qis presence of calcivm compounds and after 
nuch experimentation Wehnelt found that the oxides 
of calcium, strontium, and barium were responsi- 
ble for the observed effects. All three elements 
constitute the group of the so-called tilkaline- 
earth metals. When speaking of an oxide-coated 
cathode, we mean a metal surfeice irtiich can be 
heated and irtiich is coated with any one of the 
oxides of calcium, strontium or barium j or with 
a mixture of two or three of these oxides. More 
recently the meaning of an oxide-coated cathode 
has been confined to one coated with barium and 
strontium oxides only since both exhibit electron 
emission in a greater degree than calcium oxide. 
For ten years after its inception, the oxide- 
coated cathode remained in the laboratory of the 
physicist as the object of some study and of much 
controversy. Shortly before the war, the cathode 
was developed commercially to be used in tele- 
phone repeater tubes by the Bell Telephone Labo- 
ratories. The coating developed for this purpose 
was sintered in air tqpon a platinum alloy serving 
as the base material. Part of the base was dis- 
persed in and combined with the coating with the 
result that the coating had a gray to black ap- 
pearance. Hence, this coating was known as the 
combined coating and because of its dark color. 



reqiiired an input of 6 to 8 watts/cm2 to maintain 
it at the proper operating temperature. 

It was not until about 1925 that the technique 
of controlling a white uncombined coating was 
mastered to such an extent as to make use of it 
commercially. In the past 10 or 15 years, the 
technique has been greatly improved and with it 
the efficiency cf the uncombined coating has been 
increased. Hence, the input required is smaller 
than A watts/cm2 with a lower limit of approxi- 
mately 1 watt/cm^. The lower the cathode tempera- 
ture, the more sensitive is the coating toward 
the effects of gaseotis residues in the tube and, 
therefore, commercial cathodes are designed to 
operate at not less than 2.5 watts/cmZ, This 
high thermionic efficiency Is the main reason why 
the uncombined coating Is finding ever-increasing 
Tise in thermionic devices. Another very important 
advantage of the uncombined coating is its ease 
of application by dipping or spraying on a metal 
surface of any desired shape. Since the thermi- 
onic activity is confined strictly to the coated 
section and does not extend onto uncoated sec- 
tions of the metallic base, it is possible to de- 
sign tubes with well-defined coated-cathode areas . 
Such well-defined areas make it relatively easy 
to obtain definite -values of cut-off, plate cur- 
rent, and transconduotance. 

In the following, the term "oxide-coated cath- 
ode" means an uncombined coating consisting of 
barium and strontium oxide on a metallic base. 

2. Preparation of Oxide-Coated Cathod^p 

Since barium or strontium oxides are unstable 
in air and combine rapidly with moisture and 
carbon dioxide, it is commercially impossible to 
use these oxides as such for the preparation of 
the coating. Fortunately, there are a number of 
chemical compounds of the alkaline-earth metals 
which are stable in air and which when heated in 
vacuum decompose to the oxides. The best com- 
pounds are the carbonates because they have the 
reqiiired stability aid can be obtained very pure. 
They are inexpensive and besides the oxides, the 
only decomposition product is c«irbon dioxide 
which, being a gas, can be removed by the vacuum 
pump. For example, barium carbonate can be writ- 
ten by its constitution formula 



Ba .--'C = OI*-BaO + CO? 



and decomposes as indicated by the dotted line 
and arrow into baritim oxide and carbon dioxide at 
elevated temperatia-e. The decomposition tempera- 
ture is different for all three of the alkaline- 
earth metals. The relation between dissociation 
pressure in millimeters of mercury and tempera- 
ture for magnesium, calcium, and baritun carbon- 
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ates Is sbonn In the folloTring table. 



Carbonate 


800OK 


lOOOOK 


1300OK 


HgC03 
CaCOo 
BaCOj 


100 

0.1 




>750 

22 




3000 
3.0 



Taking the value 3*0 mm for barium carbonate 
at 1300OK means that if tha pressure of the CO2 
atmosphere surrounding the BaC03 is kept smaller 
than 3 mm, eventually all of the barium carbonate 
is converted to the oxide at I30OOK. Our vacuum 
pumps are capable of maintaining a much lower 
pressure than 3 mm and thus the decomposition is 
made to proceed rapidly. In carrying out the ex- 
periment vrith pure barium carbonate, one finds, 
however, that the carbonate melts at about I3OOOK 
forming a solid solution of carbonate and oxide 
which causes sputtering and gas inclusions in the 
melt. It has been found, however, that mixtures 
of about equal parts by weight of barium and 
strontium carbonates do not melt but decompose 
easily to the oxides. This is one reason why 
commercial oxide-coated cathodes are always coated 
with barium and strontium oxides. 

The oxides of the alkaline-earth metals belong 
to the cubic system, rock-salt type. The dimen- 
sions of the unit cubes are: 

CaO Aw > A.6 AP 
SrO Aw = 5.15 A° 
BaO Aw = 5.53 AO 

The difference between a barium-oxide crystal, 
for example, and a sodium-chloride cryst6uL,is 
that In the former the lattice points are occupied 
by bivalent ions. The unit cube of barium oxide 
is sketched in Fig. 9. 
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Fig. 9 

Solid solutions of barium and strontium oxides 
of molecular proportions, such as we encounter in 
the cathode coatings, would have unit cubes in 
which barium and strontium alternate in the lat- 
tice points. Form X-ray analysis, we know that 
in this case. Aw of the mixed crystal would be 
the mean of the barium Aw and the strontium A^. 
In fact from I-ray diffraction patterns, Benjamin 
and Rooksby determined the bariian ratio of the 



solid solution which checked with that determined 
by chemical analysis to better than 10 per cent. 
It has been said already that the coating con- 
tains about equal parts by weight of barium and 
strontium oxide. This mixture can be obtained by 
mixing bariiim and strontium ceirbonates in the de- 
sired proportions. Such mixt\n>es are called 
single-mixed carbonates. The single carbonates, 
for example, pure barium carbonate, are made in 
our plant by precipitation. Bariiun nitrate, 
Ba(N03)2) is first dissolved in distilled water. 
Then it is mixed with a solution of sodium car- 
bonate, Na2C03. The insoluble barium carbonate 
precipitates. In chemical symbols, we have: 

Ba{H03)2 + Na2C03 = BaC03 + 2NaN03 

It remains only to filter the resulting liquid to 
retain the precipitate, to wash it repeatedly in 
hot distilled water, and to dry it. Strontium or 
calcium carbonate can be obtained in exactly the 
same manner. 

Mixing of the single carbonates is a purely 
physical process, depending on the particle size, 
the method of mixing, the time, and other factors . 
No matter how well the mixing process has been 
carried out, the final product consists of parti- 
cles of two different components. At best, the 
final particles are aggregates of several thousand 
molecules and physical means do not permit better 
mixing. 

When we dissolve in water the nitrates of 
barium and strontium sijDultaneously, we obtain 
mixtures, doim to molecular dimensions, in an 
easy and inexpensive manner. Precipitating this 
mixture with sodium carbonate, we obtain barium 
and strontium carbonate mixed more intimately 
than has been possible with physical means. The 
carbonates prepared in this manner are called 
copreclpitated double carbonates. Sometimes it 
is of advantage to add to the barium and strontium 
carbonates a certain amount of calcitam carbonate 
and if prepared by ooprecipitation, we then speak 
of copreclpitated triple carbonates. 

Examining the carbonates as precipitated under 
the microscope, we observe either distinct crys- 
tals or aggregates thereof. The temperature and 
the method of precipitation controls the crystal- 
line structure of the precipitate, and this in 
turn affects, within certain limits, the results 
obtained with the coating. 

Precipitating pure barium nitrate with sodium 
carbonate yields very fine submicrosoopic crys- 
tals vrtiich agglomerate to round clusters, commonly 
called spberulltes. Increasing the temperatin-e 
during the precipitation up to the boiling point 
increases the size of the crystals but has little 
effect upon the size of the aggregates. Pre- 
cipitating barium and strontium nitrates in ap- 
proximately molecular proportions with sodium 
nitrate yields large needles (5 to 15 ji. long) from 
which a fluffy coating can be prepared. If am- 
monium carbonate instead of sodium carbonate is 
used, a dense spherulitic precipitate Is obtained. 
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In general, dense carbonates of spherulitlc 
structure are useful and desirable in close-spaced 
rectifiers. Fluffy carbonates are used for coat- 
ing of cathodes for low-power receiving tubes. 
Single-mixed carbonates are used for coating 
filaments of all sizes and also make a good coat- 
ing for certain close-spaced rectifiers. Experi- 
ence has shown that fluffy coatings are generally 
easier to activate than dense coatings. The lat- 
ter type of coating, especially carbonates with 
spherulitlc structure, sputters less readily when 
used in rectifiers. 

The carbonates can be coated onto a metallic 
base by many methods. Two methods, because of 
their simplicity and ease of control are widely 
used. They are: spraying, and coating by the 
drag process. Spraying is used for coating in- 
directly heated cathodes and in rare cases for 
coating filaments. The drag process is stiitable 
for filaments only. 

The first method involving the use of a spray 
mixture consists in applying the carbonates sus- 
pended in a siiitable binder by means of a spray 
gun. The spray mixture is prepared by ball-mill- 
ing the carbonates together with an organic ve- 
hicle for several hours (18 to 72 hours) . In 
order to improve the adherence of the carbonates, 
it is customary to employ nitrocellulose as a 
binder; hence, the organic vehicle used should be 
a solvent of nitrocellulose. By the proper se- 
lection of the vehicle or the use of mixtures of 
solvents, the drying properties of the coating 
can be varied within wide limits. Slow-drying 
sprays give dense, -smooth coatings. Solvents 
having a high vapor pressure at room temperature 
are used to obtain fluffy coatings. The amount 
of nltrocelliilose seldom exceeds 2 per cent by 
weight of the solid carbonates. Nitrocellulose 
is to date the best binder we have because it de- 
composes at a low temperature (approximately 
200OC) without leaving any perceptible residue. 
This is because nitrocellulose does not depend 
solely en the supply cf oxygen from the atmosphere 
for combustion, but is partially self -combusting. 

The second method, or drag process, is carried 
out by applying the carbonate coating in succes- 
sive thin layers onto the filament and baking it 
between applications in carbon dioxide to about 
700°C. In this case the coating mixture is a 
suspension of the carbonates in water, and in 
order to improve the adherence, barium and/or 
strontixua nitrate are added (up to 10 per cent of 
the carbonates) to the solution. In the baking 
operation in GOg, the nitrates are converted to 
carbonates and in this manner the coating parti- 
cles are cemented together. The coating process 
consists of dragging the filament through the 
coating mixture which by capillary fore as collects 
In a groove of a slowly rotating small wheel whose 
lower section is immersed in the mixture. In 
this manner iiie mixture is agitated aid a definite 
amount of coating, controlled by viscosity and 
surface tension, is transferred to the filament. 

There is another method of coating which should 



be mentioned. It is known as coating by cata- 
phoresls, and is applicable to filaments and in- 
directly heated cathodes. This method yields 
coatings of high density and is less flexible 
than the two methods previously described. Fur- 
thermore, with cataphoretically coated cathodes, 
it appears more difficult to meet the present 
commercial emission limits. 

In describing the amount of coating on cath- 
odes, it is convenient to specify the weight of 
the coating in milligrams per cm^ of coated sur- 
face. Experience has shown that with a coating 
weight of from 3 to 6 mg/cm2 satisfactory life 
can be obtained. Coatings which are heavier than 
the upper limit given above are difficult to de- 
gas. 

It is of great importance that the coating 
adhere well to the base material. If the coat- 
ing mixture does not wet the core during decompo- 
sition, blisters and air pookets are produced 
and cause poor electron and heat transfer in the 
overlying coating. 

Theoretically, it makes no difference how the 
carbonate coating is applied onto the base 
material. Practical Ty, however, in the manufac- 
ture of radio receiving tubes with a multitude 
of variables, the task of reducing initial shrink- 
age and obtaining good quality is often facili- 
tated by selecting the proper coating and binder 
for the particular purpose. This is the main 
reason why a multitude of spray mixtures^ have 
been devised and standardized in the course of 
time. 

3. Activation 

Having reviewed methods for coating cathodes, 
we have already indicated that it is the final 
goal of "IT the chemical processes to produce, 
while maintaining the vacuum, an uncontaminated 
coating of barium and strontium oxides on the 
surface of the cathode. Experience has shown 
that such a coating exhibits the property of 
electron emission only after a more or less com- 
plicated activation schedule. In its activated 
state, the coating is indistinguishable micro- 
scopically (and chemically after removal from 
the bulb) from its unaotivated form, and yet the 
electron emission may differ by a factor of sev- 
eral millions. Our immediate interest is focused 
now on what goes on during activation. 

As early as 1920, Arnold found that the "ac- 
tive material" could be transferred from a well- 
activated filament to a oleaned-tungsten fila- 
ment euranged pareillel and in close proximity to 
the former. During this migration process irtiioh 
required some time depending on the temperature, 
no thermionic activity of the donor filament was 
lost but the receptive tungsten filament built 
up thennionic activity evidently from nothing. 

In 1924, W. Espe measured the activation of 
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oxide-coated platinum filaments under very good 
vacuum conditions, as a fxmction of time, fila- 
ment temperature, and plate potential. Espe mea- 
sured the emission at stiitable time intervals by- 
applying a definite anode potential for a very 
short time only. The interdependence of filament 
temperattire, anode potential and time is shown 
graphically in Fig. 10. In the first test period 
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during which no anode potential was applied, the 
emission increased but little. During successive 
test periods with anode potential applied, it 
can be seen from Fig. 10 that the emission in- 
creased more with increases in anode potential 
that it did with increases in temperature. The 
activation is, therefore, a function of the space 
current which flows through the oxide coating. 
Repeating the experiment at higher filament tem- 
perature merely changed the time within which 
the steady state was reached. 

In 1926, L. R. Koller found that the activa- 
tion of an oxide-coated filament can be destroyed 
hy flashing it at I6OOOK and over, but that it 
can be restored hy prolonged operation at about 
llOOOR, especially when space current is drawn 
from the filament. Koller fotmd that activated 
oxide-coated filaments were extremely sensitive 
to traces of oxygen and water vapor, both of 
which destroyed the activation completely. He 
then proposed the theory that the thermionic ac- 
tivity of an activated oxide-coated cathode is 
due to the presence of minute amounts of free 
barium metal. We see that the facts presented 
by Arnold, Espe, and Koller fit this theory very 
well. Arnold observed the evaporation and depo- 
sition cf barium metal and Espe observed its pro- 
duction by electrolysis. 

If we assume that Keller's theory is correct, 
in what manner is barium produced in or on the 
coating? This question is particularly interest- 
ing since only a few years ago the preparation 
of barium metal was considered a difficult task 
by the chemist. Barium metal is chemically one 
of the most active metals. A layer of barium 
metal about 10000 molecules thick on glass dis- 



appears instantaneously after exposure to moist 
air. Barium has a density of 3.8, a melting 
point of 85OOC, and a considerable vapor pressure 
at 800°C. Barium metal is produced in the chem- 
ical industry by electrolysis of complex flu- 
orides, and it is stored and shipped either in 
evacuated containers cr immersed in hydrocarbons, 
for example, kerosene. 

Speculating on all possible methods of its 
formation in the oxide coating, we have three 
possibilities which are: 

1) Thermal dissociation of the oxide 

2) Reduction 

3) Electrolysis. 

Dissociation is very improbable. By means of 
Nemst's approximation formula,* we can compute 
the oxygen dissociation pressure at any desired 
temperature and find that at lOOOOK the pressure 
is about 10~30 microns . In order to produce bar- 
ium by dissociation, the oxygen pressure must 
exceed that of the surroimding space. Becaiise 
the best vacuxim we can produce is about 10~° mm, 
it follows that the temperature required for dis- 
sociation will be far in excess of 2000OK. How- 
ever, such temperature is never required during 
the activation process. 

Experimental evidence indicates that barium 
metal is produced by reduction. Comparing the 
activity of an oxide-coated cathode with chem- 
ically pure platinum, electrolytic nickel, and 
commercial nickel, everything else being equal, 
there is no doubt that best results can be ob- 
tained (using one and the same schedule) with the 
last named material. It has been known for many 
years that chemically pure platiniim or nickel 
(electrolytic) filaments do not activate as 
readily as those made from commercial metals. If 
they activate at all, it is necessary to submit 
them to a prolonged aging schedule during which 
barium metal is produced in the coating by elec- 
trolysis. This is the most logical interpreta- 
tion to which we can submit Espe's findings. 

Thus, we are lead to believe that impurities 
in the nickel (or platinum) are capable of reduc- 
ing the coating of barium and strontium oxides. 
In order that a slug of cast nickel can be rolled 
and drawn, it has been found necessary to elimi- 
nate nickel oxide in the metallic mass. The most 
effective and inexpensive expedient consists in 
adding certain reducing agents to the molten 
nickel. Such reducing agents are commonly called 
scavengers. As scavengers for nickel, silicon, 
titanium, manganese, magnesiiun, carbon, emd cal- 
cium are used. When these materials react with 
nickel oxide, the respective metal oxides are 
fonned. The oxides (with the exception of carbon 
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dioxide) are expelled ty the molten nickel and 
form a slag on top of the melt. Adding the 
scavengers, of which only one or two of the named 
materials are used, is an art and is left to the 
experience of the operator. Adding too little 
scavenger does not produce the desired results, 
while too much renders the nickel unworkable 
again. Thus, it happens that commercial-worked 
nickel always contains a small surplus of scaven- 
ger which is of great importance for the process 
of activation. 

Let us consider now the process of chemical 
reduction, for example, between barium oxide and 
metallic manganese. Expressing the process by a 
chemical equation, we have: 

2BaO + Mn -*■ MnOa + 2Ba 

250000 cal 126000 cal 

As is well known, the formula not only indicates 
the nature of the reagents but also their quan- 
tities. By inserting the atomic weights into 
the equation, we can compute the quantities in 
any desired units of weight. But since all sci- 
entific data are based upon the gram as the unit 
of weight, BaO represents one gram-molecule in 
the language of the chemist, and its weight is 
therefore 153.36 grams (Ba = 137.36, = I6.OO) 
Combining 137.36 grams of barium metal with 16 
grams of oxygen, we obtain energy in the form of 
heat. Expressing this heat In calories, the 
scientific unit of lieat, we have 125000 calories 
per gram-molec\ile . If we wish to split one gram- 
molecule of BaO into its constituents, we must 
expend an equal amount of work, namely 125000 
calories. The heat of combustion for BaO and 
{fa02 has been written below the equation. From a 
glance at the figures, it is obvious that the 
heat we obtain when burning up a gram-atom of 
manganese with the oxygen taken from the barium 
oxide is only a trifle more than one half the 
work required for complete reduction of the bar- 
ium oxide. Obviously, the reaction does not 
proceed under ordinary conditions. However, in 
vacuum at elevated temperature the reaction pro- 
ceeds in the direction indicated by the arrow 
because, firstly, heat is supplied externally 
(supplying the deficiency in heat of combustion) 
and, secondly, the reaction product, barium metal, 
because volatile under these circvmistances, is 
removed from the sphere of reaction. The gen- 
eral rule, for which this reaction is but a spe- 
cific example, is that chemical reactions car- 
ried out in vacuum run in the direction of the 
most volatile products. This is precisely the 
reason why thorlimi metal is produced when sub j ect- 
ing a thoriated filament to a "hot shot." Thus, 
we see that a so-called "mild reducing agent" can 
wider px)per conditions reduce a highly refractory 
compound such as bariiun oxide. 

It seems justifiable toassimie that the inter- 
action between the reducing impvirity and the 
oxide of the coating takes place at the interface 



between coating and base metal. Once the impuri- 
ty near the interface is used up it is replenished 
by diffusion from greater depths. The inter- 
face is usually distinguished by a gray to dark 
gray discoloration caused by the accumulation of 
reaction products and by finely dispersed base 
material. Electrolytic nickel or very pure grades 
of nickel do not cause the formation of a dark 
interface. Konel, an alloy containing approx- 
imately 3 per cent- titanium, is known to form a 
very dark interface. The color of the interface 
affects the cathode temperature perceptibly. Dis- 
solving tte coating from a well-activated cathode 
in very dilute acid permits visual inspection of 
the interface. Since the interface does not dis- 
solve in acid as readily as the iriiite coating, it 
may be taken as an Indication that the former is 
chemically different from the latter. Dissolving 
the coating is a simple test for undecomposed 
carbonates. However, the removal of the cathode 
from the tube and the immersion of it in acid 
must be done without exposing it to the air for 
but a few minutes. A well-decomposed cathode 
coating exposed to the air for about 20 minutes 
may be completely converted to the carbonates, 
depending on atmospheric conditions. 

L. Electrolysis 

At elevated temperature, the oxide coating on 
a cathode becomes a conductor whose conductivity 
C can be expressed by the formula 

A 

T 

C = a e 

in which a and /8 are two constants. However, 
this formula expresses the temperatttre dependence 
of solid electrolytes and of semiconductors as 
well. Svamnarizing the experimental evidence, we 
are apparently justified in assuming that the 
conductivity of the piu-e alkaline-earth oxides 
(in the unactivated stage) is ionic while that of 
the oxides in the activated state is predominantly 
electronic. The imptirity causing the activa- 
tion is alkaline-earth metal and it seems per- 
missible to classify the activated oxide coating 
as an impurity conductor. There are two types of 
impurity conductors. One type includes those 
conductors in which free metal is responsible for 
the conductivity. In these, more metal is pres- 
ent than is indicated by the chemical formula 
MxOy. Examples are BaO, SrO, CaO, ZnO. The other 
type of impurity conductors contains more oxy- 
gen than is indicated by the chemical formula. 
In this case, oxygen assumes the role of the im- 
piu-lty. An example is copper oxide. Only such 
metals forming two or more oxides like CuO and 
CU2O can become impiurity conductors cf this type. 
In measuring the conductivity of the coating, it 
has been observed that a remarkable parallelism 
exists betvreen conductivity and thernionic activ- 
ity. The conductivity increases with progressing 
activation. On the other hand, good conductivity 
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does not necessarily mean Mgh thermionic activity 
because, as ve know, impfurities other than al- 
kaline-earth metals may affect the conductivity 
but nay poison the emission. P^l^the^mo^e , both 
conductivity and electron emission may be poisoned 
by the same agent, such as oxygen sulfur, or 
chlorine, all of which react rapidly with free 
barium metal. 

Since ions migrate through the coating during 
electrolysis, barium metal deposits at the inter- 
face (cathode) while oxygen appears at the sur- 
face (anode) of the coating. Due to its far 
greater volatility (at the temperature of opera- 
tion) , the oxygen combines with the getter. The 
process of electrolysis goes on enriching the 
coating with barium metal until finally the con- 
ductivity has changed from ionic to electronic. 
The evolution of oxygen has been ascertained by 
means of mass spec tro graphic determinations, 
while the presence of barium metal in the coating 
has been also measured quantitatively. Several 
investigators have presented evidence indicating 
sustained electrolysis even in a well-activated 
coating. Their findings indicate that the ratio 
of ion to electron current is one to several hun- 
dred. Svumnarizing the evidence, we are led to 
believe that the conductivity of the oxide coat- 
ing at the operating temperature is both ionic 
and electronic. If the coating is well-activated 
and therefore contains free metallic barium, the 
conductivity is predominantly electronic. How- 
ever, If the free barium metal in the coating re- 
serve is depleted, for some reason or other, the 
conductivity becomes ionic. In this latter con- 
dition, barium metal is produced by electrolysis , 
and may accumulate in the coating, until finally 
the conduction becomes electronic again. 

5. The Amount of Barium Metal In the Coating 

The simplest and most reliable determination 
of the amount of alkaline-earldi metal produced by 
the oxide coating is due to T. P. Beredenikowa. 
The method is based upon the well-known reactions: 



or 



Ba + H2O = BaO + H2 

Ba + 2H2O = Ba(0H)2 + H2 



Since pressure measurements can be carried out 
with great accuracy down to pressures of 10-" mm, 
and by working with a vacuum system of smallest 
possible voltime,we can measure 10-8 grams of al- 
kaline-earth metal with certainty. The method 
consists of causing the alkaline-earth metal to 
react with a liberal surplus of water vapor, 
which is admitted to the vaciram system after pro- 
ceeding with the activation to a desired degree, 
and then freezing out the excess water vapor with 
liquid air and measuring the pressure of the re- 
maining hydrogen. From the known volume of the 
system and the pressure, the amount of barium can 
be calculated. 

If it is desired to find the amount of free 



barium metal dispersed in the cathode coating, 
one has to bear in mind that some of the barium 
metal evaporates during activation and deposits 
on the glass wall or other parts of the tube. 
Carrying out the measurement in the manner de- 
scribed, we would find the total amount of barium 
metal consisting of that in the cathode coating 
and that on the walls and other parts of the 
tube. In order to measure the amount of barium 
in the coating only, it is necessary to transfer 
the cathode, in vacTium, from the tube in which 
it has been activated to another vessel and to 
disconnect the tube from the vacuum system before 
beginning with the measurement. In this manner 
the writer has carried out many measurements of 
the free bariim metal in the coating. 

A summary of what is known at present of the 
methods of production of free, alkaline-earth 
metals in the coating and their relative amounts 
are given in the following: 

1) Testing BaO ai pure platinum vp to 1200OC 
showed no thermal dissociation within the limits 
of sensitivity of the equijaient. 

2) The yield of alkaline-earth metal due 
to electrolysis varies from 1 x 10"^ to 9 x 10"^ 
per coulomb depending on chemical and physical 
properties of the oxide layer. 

3) The ionic conductivity is but a small 
fraction of the total conductivity which is 
mainly electronic. 

The following results, although accxirately 
determined, reqiiire verification on a still 
larger number of seunples. 

4) Coprecipitated double carbonates on com- 
mercial nickel yield approximately 0.015 mg barium 
metal per cm^ per minute at the ordinary "hot 
shot" temperature (approximately 1350°C bright- 
ness temperature, corresponding to 14- volts on 
the heater in the cathode of a 6K7 tube) . 

5) Only barium (no strontium metal) is pro- 
duced by the reduction due to impxu-ities In the 
nickel . 

6) About 25 to 50 per cent of the barium 
metal produced by the reduction evaporates from 
the coating and deposits on the anode, bulb, and 
other tube parts. The remaining quantity of 
barium metal stays in the coating. 

7) A well-activated cathode contains ad- 
sorbed in the coating from 3 to 100 times the 
amount of barium metal which would be needed to 
coat the macroscopic surface with a monatomlc 
layer. 

8) Various well-activated "vapor-process 
cathodes" ( see the following paragraphs) contained 
from 1-2/2 to 2 times the amount of barium metal 
which would be needed for coating the macroscopic 
surface with a monatomlc layer. 

6. Adsorption 

So far we have considered cathode coating whose 
thickness measured tens of thousands of molecular 
layers. We also touched upon the findings of 
Arnold who observed that a clean tungsten fila- 
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ment, arranged near an oxide-coated cathode, be- 
comes emissive although no visible change of the 
tungsten surface can be detected. We know now 
that the thermionic activity of Arnold's tung- 
sten filament is due to the adsorption of barium 
metal and since such effects are of great im- 
portance, both technically and commercially, a 
short discussion of the fundamentals may be in 
order. 

We are accustomed to regard an atom as com- 
posed of a nucleus surrounded by a number of 
electrons revolving about the nucleus in definite 
orbits. If we remove a negative quantity, an 
electron, from the atom, which as such is lin- 
charged, a positively charged body, called a 
positive ion, remains. We know that we can re- 
move only the outermost electrons which are 
loosely bound to the atom. If an atom becomes 
adsorbed on a metallic surface and no change in 
the number of its electrons takes place, we speak 
of an adsorbed atom or adatom. If one of the 
electrons becomes associated with the atoms of 
the metal, the atom is changed to an ion and 
since it is adsorbed we speak of an adion. It 
is also conceivable that the adatom shares one 
electron with the metal in which case it may 
change its identity from adatom to adion and back 
about lCP-6 times per second. We believe this 
happens in view of recent computations. Metal 
atoms which have a low work function (or low 
ionizing potential In the vapor state) lose their 
valency electrons in relatively weak fields. If 
such metal atoms, for example, caesium or barixun, 
become adsorbed on a metal with high work func- 
tion, such as tungsten, the adsorbed film con- 
sists of adatcms and adions. Thus, the adsorbed 
film which must be not more than one atom deep, 
possesses properties which are not common to the 
adsorbed metal in bulk. 

Let us consider a condenser whose plates C 
and A are made of tungsten, and short-circuited 
by a tungsten wire, as shown in Fig. 11. If we 
introduce a positively charged grid G between 
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the two condenser plates, fields are produced 
between C and G, and between G and A. Also, 
there will be a potential difference between 
C and G and an equal potential difference between 
G and A. Moving G closer to C causes the field 
between C and G to grow stronger. If we imagine 
the grid to consist of atoms and positive ions 



one atomic distance away from C, we have a pic- 
ture of adatoms and adions and the fields they 
produce. Opening the electrical connection be- 
tween both plates catises the adsorbed film to 
manifest itself by causing a contact potential 
difference and, because of the strong field be- 
tween C and G, the film aids the egress of elec- 
trons from G, i.e., it lowers the work function 
of C. 

The reduction in work function due to ad- 
sorbed ions has been computed 1^ J. A. Becker. 
He has made certain simplifying assumptions and 
has supposed that the physical dimensions of 
adions and adatoms are equal to their dimensions 
derived from X-ray data. Comparing computation 
and experimental data, Becker concluded that on 
the average 10 per cent of the adsorbed particles 
are ionized. We must bear in mind that due to 
strong assymetric forces adatoms and adions must 
be distorted and are, therefore, different from 
those in free space. The distortion must have 
some effect upon the work function. A superficial 
correlation between work function and atomic vol- 
ume has been pointed out by Schottky, Langmuir, 
and Dushman. While we know that monatomlc films 
arrange themselves in conformity with the under- 
lying lattice, it must be admitted that we do not 
possess sufficient information to compute the de- 
crease of the work function due to adsorbed par- 
ticles. Finally, when we deal with the magnitude 
of surfaces in evaluating experimental results, 
great errors may occur. Bowden and Rideal mea- 
sured the ratio between actual and apparent sur- 
faces. If this ratio Is unity for polished nickel, 
it is about 10 for sandblasted nickel, and A5 
for oxidized and reduced nickel. The measure- 
ments of the writer pertaining to the barium 
content of vapor-process cathodes were carried 
out with polished surfaces. 

The difference in thermionic activity between 
monatomlc layers of barium and barium in bulk 
can be seen qualitatively from a diagram in Fig. 
12 by Ryde and Harries. They measured emission, 
as a function of time, from a tungsten filament 




on which barium metal was allowed to condense. 
The evaporation of barium onto the filament could 
be stopped at will. 
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With the timgsten filament at a given constant 
testing temperature and barium condensing thereon, 
the emission rose to a first maximum A. The emis- 
sion then decreased due to the deposition of more 
bariiim, and finally attained a constant level C. 
At time Tq indicated by the dotted line, the 
barium source was cut off. Then, due to evapo- 
ration from the filament, the emission rose to a 
maximum B at which time the barium layer had 
been reduced to a monatomic film. The decrease 
after B depends upon the filament temperature 
and is less rapid the lower the temperature. 



7. The Barium-Vapor Process 

It has been found that the depletion of an 
adsorbed monatomic layer of barium due to evapo- 
ration can be greatly retarded, and concurrently 
the emission can be enhanced, by interposing a 
monatomic layer of oxygen between the base metal 
and the barium layer. This can be done, for 
example, by flashing a tungsten filament at about 
2200OK in vacuum in order to clean its surface 
and exposing it for a few seconds to oxygen after 
cooling. If barium is then allowed to condense 
upon this filament, an emissive layer is formed 
with thermionic properties vastly superior to 
the pure barium film. 

This process has been used commercially in 
Evirope and is ustially referred to as the "barium- 
vapor process." It has been carried out either 
by oxidizing a tiingsten filament in air till it 
shows a blue color or by coating a timgsten fila- 
ment with a thin film of copper oxide, and then 
mounting such a filament in a tube whose anode 
or grid has been painted liberally with barium 
azide (BaH^) . During the bakeout, the barium 
azide decomposes to barium metal and nitrogen, 
the latter being removed by the pump. After the 
tube is sealed off, the filament is heated to 
about llOOOK. A small positive potential (about 
50 volts) is applied to the anode while it is 
heated gradually by induction to vaporize the 
barium metal. The sudden appearance of a green 
glow in the tube indicates the presence of barium 
vapor which reacts with the oxide of tvmgsten 
or with the copper oxide on the filament. The 
surface of such a filament consists of a mix- 
ture of barium oxide, and barium metal inter- 
spersed with the reduced metal on the surface 
(W or Cu) . While the process is carried out with 
an abundance of material, i.e., more than required 
to form monatomic layers of oxygen and barium, 
it appears that most of the excess material is 
bombarded off during aging. In fact, a filament 
activated by this process exhibits a clean me- 
tallic surface. Such tubes give good life per- 
formance of several thousand hours. The process, 
however, is inherently messy because the surplus 
barium metal causes leakage on the insulating 
structural members. Furthermore, barium azide is 
highly explosive and poisonous. 



8. Emission Constants 

While in the foregoing we have indicated that 
among the alkaline-earth oxides mixtiires of barium 
and strontium oxide exhibit the largest elec- 
tron emission, a comparison of the emission con- 
stants of other substances may further elucidate 
this. In order to facilitate the comparison in 
practical units, we have included in the follow- 
ing table computed values of emission/cm^ at 
lOOOOR. 



Substance 


is/cm^ 


<P 


A 




at lOOOOK 






milllamp. 




amp./cm^deg^ 


CaO 


0.003 


1.95 


.0002 to 0.02 


SrO 


0.6 


1.42 


.0002 to 0.02 


BaO and 


300 


1.1 


.0013 to 


SrO 






.000013 


Ni 


1 X 10-3^ 


5.0 


60.0 


W 


5 X 10-6 


4.5 


60.0 


W - Ba 




1.56 


1.5 


W - - Ba 


>200, <300 


1.1 to 1.34 


0.18 


Ba in bulk 




2.11 


60.0 



While the values given in the table have been de- 
rived from rather recent publications, they can- 
not but merely convey a relation of the order of 
magnitude. For it is well known that the therm- 
ionic activity of cathodes with composite sur- 
faces depends on the previous treatment and the 
physical condition of the oxides. It is also 
well known that the technique of the preparation 
of oxide-coated cathodes has progressed remark- 
ably in the past decade. 

From a practical point of view the efficiency 
of emission (milliamperes per watt) as a func- 
tion of power input (watts per cm^) is of great 
importance. In Fig. 13 is shown a special cross- 
section paper ty means of which comparison be- 
tween various emitters can be made easily. The 
figure shows a comparison between pure and thor- 
iated tungsten, while curves 1, 2, 3, and 4 indi- 
cate emission of oxide-coated cathodes made in 
1923, 1926, and 1935, respectively. 



and Imp iiT'it.^pfi i,n 



9. The Barium-Strontium Ratio 
the Coating 



During the past 15 years, the oxide mixture 
which has been found to give the most reliable 
results in practice, is composed of equal mole- 
cular proportions of barium oxide and strontium 
oxide. Emission measurements of mechanically 
mixed and coprecipitated carbonates with barium 
content ranging from to 100 per cent were car- 
ried out by Benjamin and Rooksby and by Widell 
and Panofsky. The results are given in Fig. I4. 
As indicated by the curve of Widell and Panofsky, 
bari\m content between 25 to 75 molecular per 
cent exhibits the same emission efficiency. 
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Meaaiiremeats on pnire barl\im oxide are difficult 
to carry out and are, therefore, uncertain since 
pure barium carbonate melts on the cathode and 
often contains gas inclusions. Pure strontium 
oxide has not been obtained, for even the best 
preparations contain a fraction of 1 per cent bar- 
itim oxide which caimot be eliminated chemically. 
Thus, the end points of both curves in Fig. 14 
have to be regarded as uncertain. 




; • • o 
^66-2 



Fig. 13 

About 10 years ago the writer carried out a 
series of experiments testing the effects of 
various impufities admixed to a standard coating 
material. It was found that metal oxides of an 
acidic nature such as WO3, M0O3, Ta205, etc., 
when present in amounts less than 0.1 per cent by 
weight practically render the coating worthless. 
Other oxides which were expected to be indifferent 
to the coating, such as MgO, Th02, and Ce02, also 
reduced the emission but probably only due to 
changes in texture, since such additions even if 
present in amounts smaller than 0.5 per cent by 
weight would affect the melting point of the mix- 
ture. The effects of M0O3 upon the emission are 
sometimes encountered in the manufacture of radio 
tubes in which the control grid is made from 
molybdenum wire. When such tubes are aged using 
grid bombardment, a small amount of M0O3 may be 
formed on the surface of the grid. This oxide 
when vaporized or sputtered off may reach the 
cathode and will then poison the emission. While 
imptirities in the coating inhibit the activation, 
a well-activated oxide-coated cathode can be poi- 
soned by exposing it to gases, such as oxygen, 



water vapor, chlorine, etc. Considering that the 
maximum amount of free metallic barium observed 
in an activated coating is 1 x lO-"-" atoms per cm^ 
or approximately 2 micrograms, we need only 0.2 
liter micron of oxygen to deactivate the cathode 
completely. Thus, gases liberated from the elec- 
trodes or glass wall of the tube by electron bom- 
bardment may be sufficient to impair the electron 
emission. A deactivated cathode may be temporar- 
ily restored by (1) a hot shot, (2) prolonged 
aging (electrolysis), (3) condensing barixjm from 
another source upon its surface, or (4.) exposing 
it to bombardment of positive ions of an indiffer- 
ent gas (CO). When a cathode is deactivated, the 
texture of the coating is generally impaired, so 
that the above remedies do not give practical 
satisfactory results. Much has been written and 
claimed about the advantages of certain gases upon 
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the progress of activation. Such procedures, 
except perhaps in isolated cases, have never found 
general application. The best rule is to acti- 
vate the cathode in the best obtainable vacuiim. 

10. The Mechanism of Emission; Seat of Emission 

In view of our discussion of oxide-coated cath- 
odes, we can now form a qualitative picture as 
follows: At elevated temperature, electrons dif- 
fuse to the surface of the metallic core. With- 
out a coating on the core, all but a few very fast 
electrons are driven back into the core by the 
image force. When the core is provided with a 
coating of selected properties, barium metal is 
produced by reduction and by electrolysis. The 
adsorbed atoms become ionized due to thermal 
ionization and the adions compensate the image 
force. Thus, a large number of electrons can 
pass the boundary between metal and oxide. Since 
barium readily diffuses outwardly into the coat- 
ing, the coating contains throughout its entire 
mass a large number of adions and adatoms. The 
electrons emerging from the metal to the oxide 
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move through the semiconducting layer of oxide 
to its surface where they finally escape into 
free space. 

The coating must have certain properties fWLch 
are: 

1) A certain conductivity both ionic and 
electronic . 

2) Chemical indifference toward dee bariiM 
metal. 

3) Ability to adsorb and hold barium atoms 
and ions. 

The first two requirements are fully met by 
barium-strontium oxide aa discussed in a previous 
paragraph. The last requirement appears to be a 
function of the crystalline shape of the unit 
cube and of its dijsensions. Only when dupli- 
cating the crystalline struct\ire and order of 
magnitude of the unit cube, but with chemically 
different oxides, has the writer been able to 
produce artificial oxide-coated cathodes having 
fair emission and good life. 

From the foregoing it appears superfluous to 
discuss the seat of emission. However, since 
this topic has been the subject of much contro- 
versy, an experiment by Widell should be men- 
tioned. He measured the perveance of cathodes 
with thick and thin coatings in diodes. From 
these measurements, the origin of the emission 
was computed and f ottnd to coincide precisely with 
the surface of the coating. In interpreting 
these results, one must remember that the con- 
ductivity of the coating follows a different law 
than that controlling the perveance. Besides, 
since the coating is a conductor, the field of 
the anode most probably ends on the outermost 
layers of the coating. Hence, the measurements 
indicate clearly the point of emergence of the 
electrons which no doubt is the surface of the 
coating. 

11. Reverse Emission and Grid Emission 

In the preceding paragraphs, we have pointed 
out that barium metal and oxygen can evaporate 
from an oxide-coated cathode during life and 
during activation. We have also discussed the 
methods of preparation of barium-vapor-prooess 
cathodes. Under the conditions of preparation, 
it is indeed surprising that grid and reverse 
emission are not a common property of every tube 
which is manufactured. Still more favorable for 
the occurrence of grid and reverse emission is 
the fact that every tube electrode is coated by 
at least a monatomic layer of oxygen or metal 
oxide. This is so because, after firing the 
electrodes in a reducing atmosphere, they are 
exposed to the air during mounting. Recent ex- 
perimental evidence proves the presence of such 
oxide films tmder such conditions. Fortunately, 
save for a few exceptions, most tubes are so de- 
signed that under normal operating conditions 
neither plates nor grids attain temperatures at 
which grid and reverse emission manifests itself. 



In the light of our present knowledge, it seems 
that this critical grid temperature is about 
300°C. Attempts to combat grid emission with 
special alloys or coatings on grids have thus far 
been only partially successful, because any sub- 
stance which poisons grid emission on the grid 
sputters sufficiently so as to poison the forward 
emission of the cathode in time. The only remedy 
available at present is the design of the elec- 
trodes in such a manner that their operating tem- 
perature never exceeds 300OC. Of course, copper 
side-rods, grid wires of high heat conductivity, 
grid radiators, large grid-cathode spacing, and 
efficient blackening of the anodes are expedients 
to maintain low electrode tempera ttire. 

12. The Poisoning Effect 

In activating a cathode near a bright nickel 
anode, one always observes a discoloration of 
the nickel surface facing the oxide coating. 
If after the hot shot a very low plate voltage 
(less than 5 volts) is applied, the plate current 
is generally stable. With gradual increase in 
plate voltage (Et,), the plate current (I^,) stops 
to increase or even begins to decrease at a defi- 
nite potential. Fig. 15 elucidates this behavior 
but is somewhat exaggerated. 

CRITICAL 

POTENTIAL ^ 




Testing again under the original conditions 
with low Eb, we find that lb has decreased very 
little but often shows a tendency to increase. 
Repeating the testing procedure at the higher E]j 
values, we find that the phenomenon repeats. 

Headrick and the writer have investigated 
this phenomenon and have built many tubes in 
which the anode could be moved in such a manner 
as to expose a clean nickel smrface facing the 
cathode. The discoloration on the anode caused 
by the activation of the cathode has been called 
the activation spot. The electrode arrangement 
with the anode rotated 90° after activation of 
the cathode is shown in Fig. l6. By moving the 
activation spot away from the cathode and measur- 
iiig lb agaiu as a function of Eb, the dashed 
ciuTve of Fig. 15 was obtained. Maintaining the 
plate voltage corresponding to point P (Fig. 15) 
and rotating the anode so that the activation 
spot faced the cathode again, caused a rapid drop 
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of the plate current. The test was repeated sev- 
eral times with the same results. The anode was 
carefully centered in order to maintain constant 
cathode-anode distance at any point. 



CATHODI 
COATED 
ON FLAT 
TOP ONLY- 
DISTANCE 
TO ANODC 
aOlo'APPROX 




ACTIVATION 
SPOT 



Fig. 16 

It is not difficult to explain this phenome- 
non. The emission of any oxide-coated cathode 
depends on the maintenance of a certain barium- 
metal reserve. If more barium is produced by 
electrolysis and by reduction than is lost by 
evaporation and gas poisoning, the emission re- 
mains stable. If the two last-named influences 
predominate, the emission drops. We know also 
that the barium production due to reduction and 
electrolysis is greatly enhanced with increasing 
temperature . 

The fact that the activation spot appears as 
a discoloration indicates the presence of for- 
eign material. Firstly, the activation spot 
contains more nickel oxide than any section of 
the anode of equal size, because the spot re- 
ceives heat by radiation from the cathode and is 
exposed while hot to the gaseous decomposition 
products of the cathode. During the activation 
of the cathode, this spot becomes contaminated 
with barium metal which subsequently becomes ox- 
idized at least in part, due to gaseous residues 
in the bulb (although a batalxim getter was used) 
and due to oxygen given off from the cathode 
(electrolysis) . The final result is that if the 
activation spot Is bombarded with electrons, the 
nickel oxide and barium oxide thereon decompose 
and oxygen diffuses back to the cathode combining 
with the free barium in the coating. At a cer- 
tain critical voltage, the oxygen evolution is so 
fast that it exceeds the rate of barium evolution 
in the cathode and thus the emission drops due to 
oxygen poisoning. 

Computing the mv^/2 of the electrons as a 
function of anode voltage and comparing this 
energy with the heat of formation per molecxxle of 



nickel oxide, barium oxide, and aluminum oxide, 
and presupposing a complete energy transfer be- 
tween impinging electron and molecules of metal 
oxide, one obtains the following critical poten- 
tials, which have been checked ]3y experiment. 



NIO 


3.9 Volts 


BaO 


9.5 Volts 


AI2O3 


25 Volts 



In general, the critical poisoning anode po- 
tential Is lower the smaller the cathode-anode 
distance, the lower the cathode temperature, and 
the lower the barium reserve of the cathode. 
The cathode-anode distance merely affects the 
concentration of oxygen per unit volume which 
diffuses back to the cathode. 

A similar poisoning effect in the type 6K7 
has been investigated recently by Wamsley and 
the writer. The effect manifested Itself as 
sliunping transconductance (g^) when the tube was 
tested at 5 volts on the heater. The graphs in 
Fig. 17 were made to show the behavior of gm with 
tijne. 



EcjOFF EmOFF Ec.OFF 
i i I 




TIME- MINUTES 

Fig. 17 

The curves show clearly that the lower the 
cathode temperature, and hence the lower the rate 
of baritm production, the more rapid the drop in 
gQ. Curve B shows the drop in ^ at 4 volts on 
TEe heater after the screen-grid potential (Ec2) 
h^ri been interrupted for one minute. Curve C 
shows the drop in g^ after removal of screen po- 
tential for two Shutes. The recovery in gm 
Indicates that during the off period, barium was 
supplied to the coating by diffusion from the in- 
terface. Next, by measuring contact potentials 
of grid No.l, the barium production, migration, 
and subsequent oxidation during the operation of 
the tube was determined. Thus, It was found that 
a layer of barium oxide on grid No. 2, bombard- 
ment of this oxide by electrons, and poisoning of 
the cathode due to oxygen derived from grid No .2, 
were responsible for the slumping g^. Heating 
grid No .2 by electron bombardment for about one 
minute to a temperature of 900OC removed the 
oxide layer thereon and with it the catises for 
slumping gm . 

13. Aging 

Aging has a twofold purpose. The residual 
gas must be removed from the tube and the cath- 
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ode must be activated so as to produce the maxi- 
mum thermionic efficiency. We know from the 
foregoing discussion that activation can only be 
attained if the gas pressure in the device is 
low. One of the preferred expedients in reduc- 
ing gas pressure is to ionize the gas and cause 
it to combine with the getter in the tube. Since 
under these conditicms the activation of the 
cathode is not developed, one has to resort to 
higher than normal cathode temperature so that 
sufficient ionization takes place. Therefore, 
any aging schedule for oxide-coated cathodes 
will consist of two steps: 

1) Ionization of the gas residue in the 
tube, heating the cathode above normal tempera- 
tiire, and drawing a comparatively large space 
current. Removal of the ionized gas hy the 
getter. 

2) Activation by reduction (hot shot) , or 
by electrolysis, or by a combination of both. 

jLi. Temperatures of Oxide-Coated Cathodes 

Experience has shown that oxide-coated cath- 
odes should operate between 1000° and IIOQOK 
brightness temperature to give best life perform- 
ance. At temperatures above llOOOK, the rate of 
evaporation of barium metal becomes very high 
and the useful life is shortened. Below lOOOOR, 
the rate of barium production may become so low 
that adverse effects (poisoning, for example) 
may caiise falling emission; furthermore, the 
proper balance between the rate of production 
and the rate of removal of barium is disturbed. 
In line with these facts, it has been known for 
years that cathodes having low operating tempera- 
ture reqiiire much better vacuum conditions than 
those having high cathode temperature. 

Measuring the cathode temperature by means 
of an optical pyrometer of the disappearing fila- 
ment type enables one to obtain the brightness 
temperature. Since the coating is a poor heat 
conductor and since the coating is being heated 
by the core, it follows that the temperature of 
the coating is lower than that of the core. 
There is a temperature gradient from the inter- 
face to the outer surface. It has been found 
that the coating is partially transparent for 
the radiation of the core and interface so that 
in measuring brightoess temperature of the coat- 
ing it Is not the surface temperature which we 
meastire but that of some intermediate layer. 
The relation between true core temperatiure, thick- 
ness of the coating, and brightness temperature 
is given by Widell and Perkins^ in the curves of 
Fig. 18. 

That the brightness temperature depends on the 
amount and color of the interface and, there- 
fore, also on the kind of core material, can be 
seen from the curves of Fig. 19. Hence, it is 
obvious that specifying the cathode temperature 
in watts per cm^ is somewhat ambiguous. Watts 



per cm^ should be used only if we wish to make 
comparisons or computations, and even then only 
when one kind of core material of general estab- 
lished properties is employed. 
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Fig. 19 

Another factor Influencing the temperature of 
the cathode is the temperatiu-e of its surround- 
ings. The effects of "back heating" are well 
known and may be computed roiighly by applying 
Stefan-Boltzmann's radiation law. 

Furthermore, the temperatiu^e of the cathode 
is not uniform along its length, and is affected 
by end losses. The heat conductivity of cath- 
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ode tabs, the thermal contact between cathode and 
mica or the filament supports, as well as the 
design of the heaters in indirectly heated cath- 
odes play an important role. 

For the design of indirectly heated cathodes, 
the ratio of the thermal emissivity of the coated 
to bare-core material is of importance. With 
the improvement of the technique in the manufac- 
ture of oxide-coated cathodes, this ratio must 
be redetermined frequently. A recent determina- 
tion by Widell shows this ratio to be 1.6 for 
the present stage of technique. The spectral 
emissivity of an oxide-coated cathode (for average 
conditions) has also been determined by Widell 
and found to be about 0.56 at X = 0.665fi • 

15. Calcttlation of Oxide-Coated Filaments 

Generally, the electrical constants of a tube 
are set by convention. For example, the fila- 
ment voltage and current have to meet certain 
specifications. From the desired valxie of g^ 
the filament-grid spacing, and other mechanical 
considerations, we can determine the length of 
the filament. Thus, we have 

Filament length » L 
Filament voltage = Ef 
Filament current s If 

We also know the desired operating temperatiu'e 
to maintain good emission life which is approxi- 
mately IO5OOK or 3.2 watts per cm^ = D, and the 
specific resistance p of the core material at 
the operating temperature. 

We wish to know the width (w) and the thick- 
ness (t) of a filament which having a length (L) 
and operating at Ef x If watts input attains a 
temperature of IO5OOK. To solve for the two un- 
knowns, w and t, we need two equations. These 
are: 
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Eflf 



2(h + t) L 



= D 



R = 



P L 



n t 
On substituting we get: 



Ef 
If 




t = ^flf _ 



In these equations, dimensions are to be ex- 
pressed in centimeters and electrical values in 
volts, amperes, and ohms. 
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HEATERS AND HEATER-CATHODE INSULATION 

G. R. ShaM and L. R. Shardlow 



IHTRODUGTION 

With the development of heater-type tubes 
for a-c operation, which first became commer- 
cially active in the early part of 1927, the 
problem of insulation between heater and cathode 
began. The first material to be used was a twin- 
holed procelain rod fitting snugly into the cath- 
ode sleeve. The heater was a hairpin of timgsten 
fitting into the holes. In continuous service, 
the porcelain was quite satisfactory, but with 
intermittent operation, it melted onto the heater 
and caused heater failure by pulling the heater 
wire apart due to the difference in coefficient 
of expansion. This was corrected by using, in- 
stead of the porcelain, sintered magnesia insula- 
tion with a small amount of talc, which had a 
much higher melting point and consequently left 
the heater free to move. Soon, however, the de- 
mand for a redxiction in the heating time of from 
30 to 45 seconds to a more reasonable period of 
from 5 to 10 seconds made it Imperative to make 
a change. The large amount of insulation which 
had to be heated before the operating temperature 
at the external surface of the cathode was 
reached was, of course, the chief obstacle to be 
overcome. However, the application of only a 
thin coating of insulation and a redxiction in 
the weight of nickel in the sleeve met the re- 
qixirements. Involved in the change was the de- 
sign of the heater, because the decrease in the 
amount of insulation permitted operation at a 
lower temperature. To compensate for the de- 
crease in specific resistance resulting from the 
lowered temperature, it was necessary to increase 
the length of the heater. 

Numerous heater designs have been proposed 
at various times. These designs can be classi- 
fied by types: 

1. Hairpin, either single or in multiple 
as in the folded heater. 

2. Unidirectional-wound coil, which may be 
varied by bending it back on itself. 

3. Reverse-wound helix. This is the type 
most used in production- type tubes. 

Each of these designs has its own advantages and 
disadvantages which influence its use in particu- 
lar applications. 

Fundamentally, a complete unipotential-cathode 
assembly consists of: 

1. A heater for the generation of heat by 
the passage of current. 

2. A conducting sleeve surrounding the 
heater to serve as the base of the operative 
cathode. 

3. A means of insulating electrically the 
heater from the sleeve. 

4> An active coating on the sleeve to serve 
as a source of electrons. 



It is necessary in this section to deal only 
with the problems arising under items 1 and 3- 

Due to the fact that the heater wire will 
attain a temperature of about 1100° to 1200OC in 
operation and a temperature of possibly I6OOOC 
in the course of processing diuring tube manufac- 
ture, the choice of heater materials is rather 
limited. Obviously, only materials with a melt- 
ing point greater than I6OOOC will be possible 
and, in addition, only those with a vapor pressure 
so low at that temperatiu^e as to cause negli- 
gible loss by vaporization in the time required 
for manufacture, will be useful. Boron, carbon, 
thorium, tltaniiim, zirconiiim, tantalum, tu-anium, 
vanadium, the platiniUB gro\q> of metals, tungsten, 
and molybdenum are the only ones having a possi- 
bility of fulfilling the requirements. The first 
six are too reactive with insulating coatings, 
the next two are not available as wire, and the 
platinum metals are too expensive. So, tungsten 
and molybdentim are the only materials available 
for consideration. By making siiitable alloys of 
these two elements, metallurgists have provided 
a further field in which the engineer has a choice 
of materials for his rise. The hot strength of 
molybdenum has been found to be so low under 
temperatures to which a heater is subjected dur- 
ing tube manufacturing as to cause it to sag 
under its own weight. This low strength results 
in a distorted heater and a distorted distribu- 
tion of the energy supplied to the cathode from 
it. Molybdenvun, therefore, can be eliminated 
from present consideration. 

Only tungsten and some of its aloys with 
molybdenira are left as sources of filament wire 
producing satisfactory beaters. The two metals 
alloy in all proportions, and from all those 
alloys possible, two have been selected as repre- 
sentative, namely, the 80i6 molybdenum alloy with 
tungsten and the alloy containing equal parts of 
the two metals. The former is known as "H" wire 
and the latter as "J" wire. The hot strength 
decreases with an increasing amount of molybde- 
num, but the ductility and degree of brittleness 
improve. These factors mast be weighed against 
each other in the selection of a material for 
heater wire. The difficulty of producing wire 
also decreases with increasing molybdenum con- 
tent, so that this factor enters into the problem 
of heater selection as a matter of material cost. 
In Fig. 1 is shown the relationship between re- 
sistivity and absolute operating temperature of 
pure tungsten wire, "J" wire, "H" wire, and pure 
molybdenum wire. While the cold resistance of 
the various materials is widely different, it is 
interesting that, at the operating temperature 
of heaters used in radio receiving tubes, i.e., 
in the neighborhood of I3OOO to IJOOOR, there is 
very little difference in the resistivity. For 
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approximate calculations of new filaments, it is 
even possible to assume a round value of 4.0 
microhms per cm. Table I lists some of the use- 
ful properties of these four materials. From 



Folded filaments in the regular line operate at 
slightly lower temperatures. Single-helix fila- 
ments operate the hottest of all, as a general 
rule. 



Table I 



Material 


Density 


Diameter (mils) 


p (microhin/cm) 


Vmg/200 mm 


300°K 


1000°K 


U0O°K 


Ttmgsten^ 
"J" Wire 
"H" Wire 
Molybdenum 


19.2 
13.25 
11.25 
10.1 


.716 
.863 
.963 
.987 


5.65 
8.9 
7.0 
5.65 


24.9 
27.1 
25.25 
23,.9 


37.2 
(38.7)* 
(36.7)* 

35.2 



Extrapolated 



these data, it is possible to design a heater to 
operate under the desired conditions of voltage, 
cvtrrent, temperature, and size. 



Table II 
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Fig. 1 



Tube 


Ef 


If 


Avg. Operat- 


Type of 


Type 


Volts 


Amp. 


ing Temp.* 


Heater 


6D6 


6.3 


0.3 


1187 


Reverse helix 


6K7 


6.3 


0.3 


1167 


Reverse helix 


6L7 


6.3 


0.3 


1202 


Reverse helix 


6*17 


6.3 


0.8 


1167 


Reverse helix 


6L5G 


6.3 


0.15 


1050 


Folded 


6J7 


6.3 


0.3 


1060 


Folded 


6L5 


6.3 


0.15 


n/,7 


Folded 


6J5G 


6.3 


0.3 


1235 


Reverse helix 


6X5 


6.3 


0.6 


1127 


Folded 


6C5 


6.3 


0.3 


1210 


Reverse helix 


6F5 


6.3 


0.3 


1205 


Reverse helix 


956 


6.3 


0.15 


1347 


Folded 


955 


6.3 


0.15 


1286 


Folded 


954 


6.3 


0.15 


1197 


Folded 


6S7G 


6.3 


0.15 


1047 


Folded 


56 


2.5 


1.0 


1067 


Reverse helix 


25L6 


25.0 


0.3 


1272 


Single helix 



•k As measured by hot and cold resistance method. 



HEATER DESIQI 



Table III shows how heater temperature varies 
with voltage for the type 6K7. 



It has so happened that in the design of 
heaters for vacuum tubes, widely variant temper- 
atures have been attained, as illustrated by the 
values in Table II for different oommeroisQ. tubes. 
It will be noted that while the range in operat- 
ing temperatiire of 6.3-volt, quick-heating tubes 
with reverse-heliceC filaments is only from 1167° 
to 1235°C, folded filaments vary much more widely. 



Table III 



■*• A summary of the properties of tungsten is 
given ty Forsythe and Worthing, Astrophysical 
Jour. 61, p. 146; 1925. 



Ef 


If 


oc 


Volts 


Amperes 


Temperature 


3.0 


0.188 


817 


4.5 


0.243 


987 


5.5 


0.275 


1092 


6.3 


0.298 


1167 


7.5 


0.330 


1287 


14.0 


- 


1725 



When a heater is designed, several factors 
must be considered. Since the value of the volt- 
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age E and the current I is set, together with the 
operating temperature T, which determines the 
specific resistance p , we have 



4 p S 
71 d» 



where S = length of wire for heater. 

Unfortunately, we are dealing with energy 
transfer fey both radiation and conduction and no 
well-defined formula can be given for the rate 
of transfer of energy from heater to cathode 
sleeve. This is further complicated by the fact 
that the geometrical shape of the heater is not 
a simple one in practice, and so calculation is 
difficult. In addition, neither the radiating 
characteristics of the coated heater, as affected 
by thickness of coating, type of spray, and shape , 
nor the reflecting properties of the inner sur- 
face of the nickel sleeve are known. Conse- 
quently, this leads to the method of designing 
the heater by successive approximations to obtain 
the desired current, voltage, and temperatxu-e. 
Much stress has been placed on the importance of 
correctly designed heaters. The reason for this 
will be given later when we discuss the insula- 
tion phases of the subject. 

Probably the easiest way to explain heater 
design^ is by example. The following oalciila- 
tions apply to a theoretical heater for the 6K7, 
and are based on the following assumed values: 
an operating temperature of 1360°K, which has 
been determined by experience to fall within the 
temperature "safety zone" of our insulating ma- 
terials, a dissipation per sq cm of v±re surface 
of 5.5 watts, a ciirrent of 0.3 ampere, and a 
specific resistance of 36 x 10~" ohms/cm at the 
operating temperature. 

The diameter of wire is given by the equation 



^ 4 I' t 



where d is the diameter of the wire in centi- 
meters, I is the current in amperes, p is the 
specific resistance in ohms/ci% and n is the dis- 
sipation in watts/cm2. Substituting numerical 
val\ies in the equation we have 



d = 



34 X .09 X .000036 



n* X 5.5 



d = .0062 cm = .00244 inches 

For purposes of illustration, we will suppose 
that this heater is to be made of "J" wire. Then, 
from Table I, we have 

2 Ref : 3-2 



dr»Hs) = .863 / iiig/200 mm 

2.44\* 

= mg/200 mm 

.863/ 

8.02 = ing/200 mm 



The cut length of wire for the heater is 
found from the equation 



S = 



6.3 X 



E I 



n d n n X .0062 * 5.5 



= 17.6 cm 



To determine the turns per inch (TPI) in each 
half of the double helix of a heater made from 
wire of the above specifications, we have the 
equation 



TPI = 



iWT 



n (D + d) 



where S is the length of wire for the coil in mm, 
L is the coil length in mm, D is the mandrel di- 
ameter in inches, and d is the wire diameter in 
inches . 

Assume that we are constrxicting a coil for a 
45 -mil cathode, and that the wound length of 
the coil shall be 23 mm, using a 17-mil mandrel, 
and that the leg length on the coil is 5 mm. 
Substituting numerical values in the above equa- 
tion, we have 



TPI = 



V( 



166 
46 



- 1 



n (.017 + .00244) 



= 57 



As mentioned before, the radiation charac- 
teristics of the coating, as affected by thick- 
ness, type of spray, and reflecting properties 
of the inner face of the sleeve, all affect the 
design of a heater, but they sire to all intents 
and purposes unknown. Consequently, the design 
of a heater in its final analysis becomes a ser- 
ies of successive approximations. However, let 
us compare the theoretical heater we have made 
for the 6K7 with the actual heater now being 
used. 

Table IV 



6K7 Heater 


Theoretical 


Actual 


Wire 


J 


J 


Wire diameter (mils) 


2.U 


2.4.6 


Wire weight (rag) 


8.02 


7.94 to 8.26 


Wire length (mm) 


176 


165 


TPI 


57 


58 


Operating temp. (°K) 


1360 


U40 
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The next step Is to take the theoretical 
heater and test it in a tube to determine its 
current and operating temperature. It is at this 
point that the "series of successive approxima- 
tions" begins. These calculations are based on 
Ohm's law, which is E = IR. 

Remembering that resistance is Inversely pro- 
portional to cross-section (which can be expressed 
as wire weight), other factors remaining con- 
stant, and that resistance is directly propor- 
tional to length, we can correct the theoretical 
heater. For instance, it will be noticed in 
Table IV that the cut lengths of the theoretical 
and actual heater do not agree by approximately 
6.3%, and that the operating temperatures are ap- 
proximately 80° apart. The correction in cut 
length was made by the use of Ohm's law as shown 
above. 

INSULATING MATERIALS 

The problem of Insulation of heaters is a 
difficult one. In the automobile industry, where 
ceramic bodies are used as a means of insulation 
in spark plugs, the requirement of low conduc- 
tivity at high temperatures is recognized as one 
of the most severe to be met with in the commer- 
cial field. But translated into terms of design 
practice of modem radio tubes, the insulation 
would not be satisfactory by a factor varying 
between 100 and 100000, depending on the type 
of tube, the temperature at which it operates, 
and somewhat on the method of using the tube. 

It is evident that the choice of suitable 
materials for insulating purposes is limited to 
a marked degree. The better grades of porcelain 
were used at first, but their low melting points 
(as compared with the conditions of use) , their 
low electrical resistivity, and their reactivity 
with the heater wire rendered them obsolete. The 
coefficient of thermal expansion of porcelain is 
only about half that of the pure oxides now gen- 
erally used and matches that of tungsten heaters 
more closely, but, in spite of this, only the 
pure oxides offer the properties which are needed 
for modem tubes. Of the oxides available, only 
alumina, magnesia, beryllia, zirconia, and thoria 
have a sufficiently high melting point to offer 
the possibility of satisfactory service. Some 
of the properties of these oxides are given in 
Table V.5 

Since the insulation must necessarily operate 
at high temperatures, its conductivity as re- 
lated to temperature is perhaps its most import- 
ant property to be considered. Werner^ gives an 
idea of the relationship between the resistance 
of the oxide and the temperature at which it must 



3 Navlas, Jour. Amer. Cer. Soc, Vol. 15, p. 248; 
1932. 

^Werner, Sprechsaal, Vol.63, pp. 437, 557, 581, 
599, 619 J 1930. 



operate. The actual value of conductivity is de- 
pendent on several factors, one of the most im- 
portant of which is the porosity of the oxides. 

Table V 
PROPERTIES OF REFRACTORY OXIDES 



Fused 


Melting 


Specific 


Heat 


Linear Coef . 


Oxide 


Point 


Gravity 


Capacity 


of Expansion 




(°c) 




(cal/g 50°C) 


(25°- 8OOOC) 


Th02 


3050 


9.3-9.7 


0.059 


9.3 x 10-6 


MgO 


2800 


3.6-3.7 


0.232 


13.4 X 10-0 


Zr02 


2687 


5.7-6.1 


0.106 


6.6 x 10-6 


BeO 


2570 


3.0 


0.261 


7.5 X 10-6 


AI2O3 2050 


3.9-4.0 


0.198 


7.9 X 10-6 


*Si02 1713 


2.2 


0.185 


0.5 X 10-6 



* Vitreous 

This is more or less obvious, since the conduc- 
tivity of the air or vacuum spaces is less than 
that of the oxides themselves, especially at 
high temperatures. The resistance increases 
roughly according to the percentage of porosity 
of the body under test. Unfortunately, no data 
similar to that quoted above are available as re- 
gards the resistance of beryllia, but from the 
results available, the data should be approxi- 
mately the same as for alumina. 

Naviaa^ has reported on the reactivity of 
the cxxldes with the heater wire, an important 
factor in the choice of insulation. Zirconia 
shows signs of reaction, as Indicated by a dark- 
ening of the coating, even under the conditions 
of preparation, i.e., firing in hydrogen at about 
17000c. Thoria is reduced by a hot, tungsten 
filament so that it gets dark and gives distinct 
evidence of the presence of metallic thorium by 
the very high electron emission available from 
such an assembly. At 1700°C, magnesixm oxide 
will react with tungsten to the extent of giving 
a bright, mirror-like deposit of the metal on 
the cold walls of the containing vessel. Only 
alumina and beryllia will withstand high heating 
in contact with tungsten without evidence of 
vaporization, dissociation, or reaction, and they 
will remain white up to a temperature of at least 
1800°C. It is natiu-al to expect that the con- 
ductivity at these temperatures can be rated in 
terms of the reactivity between them and the 
heater. 

Since it appears that only alumina and beryl- 
lia offer the properties to make their use for 
heater insulation possible, it is of some in- 
terest to examine a few of their properties. 
Bragg5 has shown that their atomic structures 
have some important similarities. In each case, 
the oxygen atoms are in approximately the closest 



Loc. clt. 



5 W. L. Bragg, "Atomic Structure of Crystals," 
Cornell University Press, p. 94. 
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bexEigonal packing possible. In tbe case of alu- 
mina, two thirds of the oxygen spaces are filled 
and an aluminum atom occupies the space between 
six oxygen atoms. In the case of beryllia, the 
beryllium atom also lies between six oxygen atoms . 
The close correspondence between the distance be- 
tween layers is to be noted. Uagnesia, on tbe 
other hand, crystallizes in a face-centered cubic 
structure, as do the other alkaline earths. 

Before discussing further the behavior of 
specific insulating materials suitable for use 
in tubes, it might be well to examine what is 
known about conductivity in crystals in general. 
Joffe" found widely divergent values for the 
specific conductivity of different crystals of 
such diverse materials as optically pure quartz, 
calcite, and chemically pure tilums. However, by 
repeated petrification of the ammonium alum, he 
was able to arrive at a fairly constant and much 
lower value of conductivity, differing from that 
of the material with which he had started ty a 
factor of as high as 1:100. Conversely, by con- 
taminating potassium alum with aimnonium alimi, he 
was able to raise the conductivity enormously. 
When potential was applied to the crystal, the 
conductivity decreased at a very rapid rate until 
after some hoiurs it approached that of the pure 
material, despite the fact that the current car- 
ried could not account for the complete removal 
of more than a small portion of the impurity. 
However, there was a detectable and appreciably 
higher concentration of ammonia on the cathode 
side of the crystal than on the anode side . Simi- 
larly, optically pure quartz, on electrolysis, 
gave a deposit of sodium which did not belong in 
tbe lattice structure, and only at higher tem- 
peratures could silicon and oxygen be produced. 
It is at once evident, then, that current can be 
carried in a crystal by the migration of material 
as ions, in other words, by electrolysis. In 
the case of substances like rock salt and cal- 
cite, more than 9956 of the ciurent is carried by 
the positive ion. 

But conductivity in the crystal can also 
occur electronically. For instance, the conduc- 
tivity of rock salt is ordinarily the same in 
both light and darkness. However, after it Is 
subjected to the action of X-rays or cathode rays, 
it becomes discolored, and then if it is exposed 
to sunlight, its conductivity increases so that 
it is 10° times that in darkness. This effect 
is not peculiar to rock salt but is characteris- 
tic of a large number of materials. The conduc- 
tivity is not decreased by reduction of the tem- 
perature to that of liquid air. With a given in- 
tensity of light, ihe current through the crys- 
tal can be deflected by a powerful magnetic field 
in tbe same way as a photo-electron beam, and is 
proportional to the voltage applied, up to field 
intensities of the order of 105 volts per cm. 
Similarly, the behavior of oxide cathodes indi- 



cates electronic conductivity for thermionic cur- 
rent through the coating from the base metal to 
the surface of the coating. Without a doubt, 
similar conditions prevail in the insulating 
coating on a heater. 

The fact that thermionic emission and elec- 
trolytic conduction as functions of temperature 
both follow laws which are exponential and quite 
similar has made it diffic\ilt to distinguish be- 
tween the two methods by which conductivity can 
take place. Some help in distinguishing between 
them may be obtained by an examination of the 
curves in Fig. 2. Fig. 2 shows the leakage current 
between heater and cathode in two different tubes 
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^ A. F. Joffe, "The Physics of Crystals," McGraw- 
Hill Book Co., Inc., p. 81. 



Fig. 2 

when the heater potential is made positive and 
negative with respect to the cathode. The oath- 
ode is the point of reference. One of the two 
tubes which differ quite widely in type has high 
negative leakage and the other has high positive 
leakage. It will be noted that as the voltage 
goes through zero from positive to negative or 
vice versa, tbe greatest and most rapid change 
in the leakage current takes place. The rate at 
which tbe change occurs, however, is controlled 
somewhat l^ tbe maximum value of leakage attained. 
This would lead to the conclusion that tbe con- 
duction Is, at least in major part, electronic 
in nature, but tbe fact that tbe current does 
not saturate on the high-current side, but keeps 
rising slowly with an increase in voltage, indi- 
cates that either electrolytic or semi-conductor 
effects are also present. Some tubes have been 
seen in lAilch the current-voltage relation sub- 
stantially follows Ohm's law, and in these cases 
it is thought that conduction is electrolytic. 
When the temperature of the beater is raised suf- 
ficiently with a potential applied to the cathcde, 
a point is reached at v^ich occurs a breakdown 
that has all the appearance of electrolytic fail- 
ure. Fig. 3 is of interest in that it shows how 
the leakage current is affected by temperature 
as measured in terms of the power input. It udll 
be seen that in each case there is a straight- 
line relation oa the power-emission chart exactly 
like the straight-line relation for thermionic 
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emlsslcai. This chart, unfortimately, does not 
permit distinguishing between electrolytic and 
electroaic conduction because of the similarity 
in their temperature relationships. 

It is obvious from the shape of the curves 
in Fig. 2, which show typical changes in leakage 
with changing heater-cathode voltages, that when 
the applied potential is alternating, very large 
swings in leakage c\urrent will occur as the volt- 
age passes through zero. The impedance in this 
region will be low. On the other hand, if there 
is a fixed bias at some point on a nearly hori- 
aontal part of the curve, small applied a-c po- 
tentials will cause only small changes in cur- 
rent and the Impedance will be high. That this 



TUBE NSI 

TUBE Naa 

-H = HEATER NEGATIVE WIIH RESPECT TO CATHODE 
+ Hs M POSITIVE 




HEATER INPUT POWER -WATTS 

Fig. 3 

is so can be seen from a typical curve for heater- 
cathode impedance in relation to the fixed bias 
applied between heater and cathode, as shomi in 
Fig. U, It is obvious that the absolute value of 
the Impedance as measured in such a test v/ill 
depend on: 

1. The amount of a-c voltage applied. In 
general, the smaller the potential, the lower 
will be the impedance, since there will be a 
greater chance for all the potential swing to be 
most effective in the region where the slope of 
the current-voltage current is the greatest. 

2. The frequency of the applied signal. Ef- 



fects similar to those of polarization occur in 
the heater when d-c potential is applied to it 
just the same as occur in glass and all electro- 
lytic conductors. Only by the use of an alter- 
nating potential can these effects be minimized. 
Since the net effect of any polarization is to 
raise the impedance, it follows that the higher 
the frequency, the lower will be the impedance 
as shown in Fig. 4. 
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Fig. A 

It is evident that there will also be some 
relation between the a-c impedance which exists 
between heater and cathode, and the hiim which 
will occur in a circuit. The actual amount of 
hum will be dependent on the ccmditions assmed. 
A curve by Bucklin (Fig. 5) illustrates a typical 
case. 
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HUM ACROSS CATHODE RESISTOR-MILLIVOLTS 

Fig. 5 

Retiuming now to the discussion of mater- 
ials suitable for heater insulation, we have al- 
ready seen that altunina offers possibilities of 
satisfactory service. The source of alumina com- 
mercially is almost always bauxite ore. The ore 
is digested with soditun hydroxide under pressure 
or fused with a suitable sodium compound to form 



29 



Vacuum Tube Design 



sodium alumlnate which is soluble In water and 
can be separated by filtration from impurities 
such as iron and silicon which are rendered in- 
soluble by this trealanent. By seeding the cooled 
filtrate properly, it is possible to precipitate 
hydrated alumina and separate it by filtration. 
After washing, the product becomes the base ma- 
terial for the aluminum industry as well as for 
our Insulation. Due to the fact that commercial 
aluminum is prepared from a bath of sodium alumi- 
num fluoride by electrolysis, not much attention 
need be paid to the sodium content. For our pur- 
pose, however, the alkali content is very im- 
portant, and it is necessary to maJce further ef- 
forts to remove it. This can be done liy acid 
washing of the alumina, which has been fired to 
a temperature of about 900OC to convert it par- 
tially to a alumina and render it insoluble. In 
this way, the alkali content, calculated as Na20, 
can be reduced to less than 0.256. Another method 
effective in the removal of the alkali consists 
in fusing the material in an electric-arc furnace, 
wholly converting it to a alumina, or corundum, 
and volatilizing much of the alkali by virtue of 
the high temperature attained. The fused mass, 
however, is very hard (9 on Moh' s scale) and pre- 
sents great difficulty in grinding. For ovtr work, 
grinding is done in an iron mill, and the groimd 
material is treated with acid to eliminate the 
iron introduced. The acid washing also serves to 
eliminate further any alkali left. Neither of 
the two processes does much towards a reduction 
in the silica content. 

When the materials are received, the acid- 
washed alumina is designated as "acid-washed 
bauxite-ore concentrates," and the acid-washed 
fused material is kno?m as "alundvun." The baux- 
ite-ore concentrates reqtilre further treatment 
in the factory before they are ready for use, 
while the alundum does not. The precipitated 
alumina reqiiires calcining at 1600°C to complete 
the conversion of the material to a alumina and 
thereby reduce the firing shrinkage, and subse- 
quent grinding to attain the desired particle 
size. Milling is carried out in rubber-lined 
mills with either mulllte or flint balls for 
grinding in order to keep to a minimum the im- 
purities introduced at this operation. 

Alumina is mixed with a spraying binder con- 
taining nitrocellulose by ball-milling the mater- 
ials together in a porcelain ball mill. The 
alundum does not require ball-milling with the 
binder, and can be mixed by rolling the two to- 
gether in a bottle. This difference in mixing 
procedure is necessary because of the differences 
in particle shape of alimdum and alumina. The 
alundum being a crushed, fused product has angu- 
lar faces on the particles while the calcined, 
precipitated material has particles approaching 
spheroids. These round grains aggregate readily 
and need a milling or crushing action to sepa- 
rate them so that each grain will be wet by the 
binder to give a smooth spraying mixture. 

There are, in general, four methods of in- 



stilating a heater from the cathode: (1) the use 
of an extruded sleeve between the heater wire 
and the cathode; (2) application of insulating 
material to the heater by dipping the heater wire 
in a suspension of the insulating mixture; (3) 
spraying a mixture similar to a dip mixture on 
the heater; and (4-) application of insulating 
material by electrodeposition or cataphoresis . 

The extruded sleeve method is nearly obso- 
lete. The chief disadvantages of insulating a 
heater by this method were slow heating time and 
excessively high operating temperattires of the 
heater wire. 

The method of coating by dipping has several 
disadvantages when applied to helical heaters but 
may be used to advantage for folded heaters. In 
the latter case, the wire is coated by the drag- 
coating process (which is a modification of the 
older dipping process) before being formed into 
heaters. The folded type of heater shows some 
cost advantages. 

At the present time the great bulk of our 
heaters are of the double-helical type using a 
sprayed-insulatlon coating. The cost of manufac- 
turing such a heating element is high compared 
with other types but this type has electrical and 
magnetic advantages. 

The last method of applying coating to heater 
wires is by cataphoresis. In this method, the 
siispended particles of insulating material are 
applied to the wire by making the heater an elec- 
trode in the suspension and using a stif fie lent 
potential of the proper polarity to build up the 
desired thickness of coating on the wire. At 
the present time this method is still in develop- 
ment, and little can be said about it except Ihat 
it holds some promise. 

Regardless of the method of application, the 
type of coating is dependent on: (1) the fine- 
ness of grain of the insulating material; (2) 
the shape of the grain; (3) freedom from aggre- 
gates of the material in the binder; (4-) the 
viscosity of the coating mixture; and (5) the 
speed of application. 

Spray mixes should be made from material of 
fine grain size (905^ or more of the particles 
should be smaller than A microns and no parti- 
cles greater than 30 microns), free of aggregates, 
and of a viscosity sufficient to keep the parti- 
cles suspended. Rapid, wet spraying results in 
a smooth, dense coating which has a tendency to 
crack during firing. Slow, dry spraying results 
in a fluffy, granxilar coating which is loosely 
bonded to the wire and tends to chip when the 
heater is inserted in the cathode. The fine 
grain is necessary to Insure a compact, rela- 
tively smooth coating without spraying "wet", 
since the particles strike the wire at random, 
and fine grains give a more compact coating with 
greater mechanical strength than do larger parti- 
cles. 

Drag-coating mixtures can be made with ma- 
terial of larger grain size than that used for 
spray mixes and still yield a smoothly coated 
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wire. The use of larger grain sizes for drag 
coating has another advantage in that it results 
in a coating lAiich does not crack during firing. 
The reason for this is that fewer particles and 
consequently fewer interfaces are required for 
coating a given length of wire. Since the in- 
terfaces are filled with a film of the siispending 
liquid, there is less llqtiid to remove and conse- 
quently less linear shrinkage in the case of 
larger particles. Fine grains can be used for 
spraying, because a large portion of the suspend- 
ing liquid is removed hy evaporation between the 
spray gun and the filament. 

The shape of the grain is important in both 
spraying and drag coating, since fragmental and 
rough-shaped particles pack with a larger number 
of interface contact points than do spherical 
particles. As a result, greater mechanical 
strength of coating after firing is obtained. 
This is due to the fact that the bond between 
particles is a function of incipient fusion which 
takes place between particles at the points of 
contact — the smaller the point of contact the 
lower the temperature at which the fusion will 
take place. 

If the insulating materials have been cor- 
rectly processed and applied, the heaters need 
only be fired at a temperature sufficiently high 
and for a time long enoiigh to sinter the grains 
together and to the wire. Longer firing periods 
or temperatures higher than this are detrimental 
to the coating. They give a dense, glassy matrix 
which results in high heater-cathode leakage and 
hum, or both. 

The presence of impurities in the aluminum 
oxide has an important effect upon the character- 
istics of the resulting instilation. If the alu- 
mina were truly chemically pure, a temperature 
of 20500c would be required to melt it; and ap- 
proximately the same temperature would be required 
to sinter the material so that it would remain 
on a heater. Even as short a time as five years 



ago J 



when 16000c was about the limit to be at- 



tained in hydrogen firing furnaces, it was neces- 
sary to add silica to the purest grades of alumina 
or alundum in order to obtain a product with ade- 
quate hardness to permit handling. In some tests 
carried out at that time, the effect of the ad- 
dition of silica on the heater-cathode leakage 
was investigated. The results are shown in Fig. 
6.'^ The material used as a base was alundum 
containing 0.7% Si02 and 0.35f Na20. It was in- 
ferior to the grade of product available today. 
Other lots contained up to three times as much 
alkali and five times as much silica as this 
sample . 

On the other hand, the use of addition ma- 
terials has advantages when they are properly 
selected. Assuming that the presence of alkali 
in the alimina is the most effective cause for 
the reduction of its insTilating properties, it 
is most certainly present in the form of an 



aluainate of some type. Asstiming that it is 
present in the form of metaaluminate, according 
to the classical Arrhenius theory, there will 
then be present sodium ions and metaaluminate 
ions in equal quantities, so that the whole will 
be electrically neutral. Under the influence of 
a potential gradient, the sodium ion will tend 
to migrate to the negative electrode or cathode 
and the aluminate ion to the anode. From the 
studies on the conductivity of glass, it is likely 
that the major portion of the cxirrent will be car- 
ried by the more mobile sodium ion, and a com- 
paratively small portion by the complex, large. 
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Fig. 6 



metaaluminate ion. If the sodium ion migrates 
to the negative electrode, on reaching there it 
loses its charge and becomes a neutral atom. If 
the temperattire is sufficiently high, it is vola- 
tilized, but if it is not, it remains and then 
becomes a very effective emitter of electrons. 
According to Arrhenius' theory, it should be pos- 
sible to hinder this whole process to a consider- 
able degree since the ionization is an equili- 
brium process: 



Na+ + AlO,-==NaAlO. 



While for simplicity, the phenomena have been 
discussed from the standpoint of the classical 
Arrhenius theoiTr, they can be equally well ex- 
plained by the use of the Debye-Hiiokel theory 
or the more recent theory involving ion "holes" 
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as discussed by Schottky° and deBoer.' By in- 
creasing the concentration of the aliminate ion, 
the reaction can be driven to the right, thus re- 
ducing the concentration of the soditun ions since 
the product of the two concentrations is a con- 
stant for any temperature. This can be accom- 
plished by adding metaaluminates in which the 
positive ion is one which does not migrate with 
the facility of the sodiTjm ion, e.g., the alka- 
line earth metals. A series of experiments in 
which tests were made on insulation of alumina 
and of the same alumina with the addition of 1% 
of the various alkaline-earth oxides very well 
illustrates this behavior as shown in Figs. 7 and 
8. Here the impedance between heater and oath- 



ior results. It was found from a study of the 
cvirves that whereas the tops are flat in the case 
of alumina even at high temperature and high 
bias, in each of the other cases there is a ten- 
dency for the insulation to decrease under these 
conditions. This can be explained by the fact 
that at high temperatures the larger barium ions 
have a greater mobility and can move under the 
influence of the higher potentials . That this is 
so is borne out by the fact that intermittent 
life tests at 8.5 volts on 6.3-volt heaters 
with 180 volts bias between heater and ca-Uiode 
show more failures in the cases where additions 
have been made than in the case of alumina alone . 
In the case of 6.3-volt life tests, there ap- 
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ode at various values of fixed bias was measiffed 
when a signal of 0.5 volt was impressed at a fre- 
quency of 100000 c.p.s. It was found that the 
addition of each of these materials was effec- 
tive in reducing the conductivity of the un- 
treated alumina to various degrees. A large 
amount of practical experience indicates that a 
barium-oxide addition is the most effective of 
those things tried. The strontium oxide used for 
the test was of commercial grade, and it would be 
expected that a purer grade would lead to super- 



° Schottky, Naturwissenschaften, 23, 656; 1935. 
Z. physik. Chem. (b) 29, 335} 1935. 

° DeBoer, Recueil Des Travaux Climiques Des. 
Pays-Bas, 56, 301-390; March, 1937. 



pears to be no similar difference. Work by 
Benjamin^^ has indicated that beryllia additions 
are even more effective than baxia, but experi- 
ments in this laboratory have not been conclu- 
sive on this point. 

From some studies of the use of electrolytic 
as compared with metallurgical tubing, there is 
available very good evidence of how the condi- 
tions of use affect the insulation between heater 
and cathode. For reasons connected with tube 
characteristics, it was found to be more desir- 
able to use electrolytic tubing for the cath- 
ode sleeve than to use the metallurgical nickel 
standard at that time. It was foimd that the 
operating temperature was substantially higher 



10 Private communication to author. 
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with the electrolytic tubing and a constant in- 
put wattage, and consequently it was necessary 
for the heating element to function at a cor- 
respondingly higher temperature to attain the 



pronoimced effect on the heater-cathode leakage 
as shown in Fig. 10. It will be seen that at the 
operating point, the temperature difference ac- 
counts for a change in the leakage by a factor 
of about 5:1. At the same time, the difference 
in temperature of the heaters as operated is 
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necessary heat transfer and the proper emission. 
This is illustrated in Fig. 9.^^ From this, it 
can be seen that there is a difference of about 
50OK between the two cathodes and this has the 
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Fig. 10 

shown by a small but consistent difference in 
the heater current, indicating a higher resist- 
ance and a correspondingly higher temperature 
for the one enclosed by electrolytic nickel. 



^ Ref . 3-11. 
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Lecture 4 

PHOTOELECTRIC AND SECONDARY EMISSION 

L. B. Headrick 

Part I - Photoelectric Emission 



INTRODUCTION 

The dlsoTission will be limited to the external 
photoelectric effect or the emlasion of elec- 
trons from the surface of a conductor or semi- 
conductor upon the absorption of visible and 
near-visible light bgr the first few hundred atomic 
layers near the surface. Characteristics of 
clean metals, thin films of one metal on another 
metal, metals with a thin oxide layer on the sur- 
face, and composite surface layers of a metal- 
metal oxide semiconductor will be considered. 
Photoconductivity in crystals and the barrier- 
layer photoelectric phenomena, such as selenium 
and copper-oxide cells, will not be considered, 
except with respect to one item, namely, the ef- 
ficiency of light-sensitive devices. 

Einstein in 1905 made the first theoretical 
advance in an attempt toward an explanation of 
photoelectric phenomena when he postulated that 
light must be adsorbed, as well as emitted, in 
quanta of energy hi* , and if one quantum is ad- 
sorbed ty one electron, the following relation 
must hold: 



After Einstein, the next important theoretical 
advance in the field of photoelectric emission 
was made liySommerfeld in 1928 with the introduc- 
tion of the electron theory of metals. This 
theory failed to explain all of the observed 
photoelectric phenomena because the electrons 
and atoms were assumed to be in thermal equilib- 
rium. Later Sommerfeld applied the Fermi-Dirac 
statistics to electrons in metals where the elec- 
tron energy distribution extends over a range 
from zero to a definite maximum value at 0°K. 
Since photoelectric emission involves the inter- 
action between a quantum of light and the elec- 
trons near the siirfaoe of a metal, it is essen- 
tial to have a satisfactory theory of electrons 
in metals in order to have a sound basis for a 
theory of photoelectric emission. The Fermi- 
Dirac statistics applied to the electron theory 
of metals has been used quite successfully to ex- 
plain a nvunber of the observed characteristics of 
photoelectric emission with no important dis- 
crepancies and, therefore, appears to satisfy the 
above requirement. 



where 



h 



m 

V 



hU - £o = 1/2 mvf_ = eV, 



hi* = eV + Ef 

max ^ 



= frequency of incident light 
= 1/wavelength X 
= Planck's constant 
= minimum energy required to re- 
move an electron from the met- 
al to free space or vacuum 
= electron mass 

= velocity of the fastest 

emitted electrons 
= the retarding potential re- 
quired to stop the fastest 
electrons 



The frequency of light which will just eject 
electrons with aero velocity is called the 
threshold frequency { Vq) and is defined by 



hV. 



The corresponding threshold wavelength or long 
wavelength limit { Xq) may be defined by 

h/X(, = Eo 



A. PHOTOELECTRIC EMISSION FROM CLEAN METALS AND 
THIN METAL FIIMS 

1. Energy Distribution of Photoelectrons 

The total energy distribution characteristic 
of photoelectrons for different temperatures is 
shown in the upper part of Fig. 1 by the solid 
and dashed curves, as calciilated from the Fennl- 
Dirac theory. These curves show that only at a 
temperature of 0°K is there a definite, sharp 
limiting value of electron energy in a metal and 
that at higher temperatures there are increasing 
numbers of electrons with higher energies as the 
temperature increases. Therefore, the theory 
indicates that the energy distribution of elec- 
trons emitted by monochromatic light of a given 
wavelength will only have a sharp limit at 0°K 
and will tail off at higher temperatures. The 
theory agrees with observations. However, until 
very recently, experimental observations did not 
fit the calculated curves closely at the lower 
values of energy. The departure of the older ex- 
perimental data is shown by the dotted curve. Us- 
ing thin films of potassixun, C. L. Henshawl has 



■■■ C. L. Henshaw, "Normal Energy Distribution of 
Photoelectrons from Thin Potassium Films as a 
Function of Temperature," Physical Review, Vol. 
52, No.8, p. 354; October 15, 1937. 
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recently shown by very careful experimental work 
that the theoretical curves can be obtained ac- 
perimentally. 




Fig. 



1 - Theoretical total-energy distribution 
and current-voltage curve. 
(L. a. DuBridge, see Bibliography) 



The curves in the lower part of Fig. 1 repre- 
sent the theoretical form of the retarding po- 
tential vs current curves which have now been 
verified ly the experimental work of Henshaw. The 
retarding potential vs current curves are obtained 
directly from data taken to determine the energy 
distribution of emitted photoelectrons . 

Nottingham has made two attempts and Mitchell 
<me separate attempt to modify the theory to con- 
form to the older experimental data. The results 
of their calculations are shown in Fig. 2, and 
are compared with the DuBridge-Fowler calcula- 




tion based on the Fermi-Dirac theory of metals 
and the older experimental data shown ly the dots . 
None of these calculations of Nottingham or 
Mitchell fit the experimental data at all well, 
probably due to the fact that both the modified 
theory and data are in ei>ror. 

2. Spectral Distribution of Photoelectrons 

The curve in Fig. 3 shows the form of a typical 
spectral distribution curve which approaches the 
frequency axis asymptotically, and an extrapola- 
tion of the curve to determine the apparent 
threshold. DuBridge and Fowler have worked out a 
method of extrapolation of spectral distribution 



£ 



"o FREQUENCy 

Fig. 3 - Typical spectral distribution curve, 
showing extrapolation to determine 

Va (exaggerated) . 
(L. A. DuBridge, see Bibliography) 

curves based upon Fowler's theory of spectral 
distribution which give values of the threshold 
frequency and corresponding values of the surface 
work function that agree weU. with thermionic data. 
Ives and Briggs have postulated that photo- 
emission should follow the rate of absorption of 
energy at the surface of the metal and have, 
therefore, calculated the rate of absorption of 
energy at the surface of thin films of potassium 
on platinum. Fig. 4- shows the results of their 
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Fig. 2 
(Israel Liben, Pl^fs. Rev., Vol. 51, p. 64.7, 1937) 



Fig. A - Calculated and observed photoelectric 
emission from thin film of potassium on platinum. 
(Ives & Briggs, J.O.S.A., Vol. 26, p. 249, 1936). 
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calculations compared with their photoelectric 
data as well as with the data of Suhrmann and 
Theisslng. The agreement between theory and ex- 
periment is exceptionally good on the short wave- 
length side but is not at all good on the long 
wavelength side of the spectral distribution 
curve. The lack of correlation on the long wave 
side may be due to the effect of surface gas ad- 
sorption on the spectral distribution character- 
istic . 

3» Threshold Frequency or Wavelength and Work 
Function 

The relation between threshold wavelength \q 
in Angstrom units and the work function in volts 
at 0°K is given by 6 = 12340Ao' ^o^ tmgsten, 
Xo = 2720 AO. Therefore, 9 = 123^0/2720 = A.5U 
volts. 

Fig. 5 shows the variation of the photoelec- 
tric work function throughout the periodic table 
of elements. It will be noted that the alkali 
and alkaline-earth metals have the lowest values 
of work ftmction, as is well known from thermi- 
onic data. Since low work fvinotion means long 
wavelength response, the alkali metals are used 
in phototubes having high sensitivity to visible 
light. 

The photoelectric threshold and work f\inction 
of typical surfaces of different types are shown 



■t.AO 




80 60 70 

Atomic Number 

Fig. 5 - Variation of photoelectric work func- 
tion throughout the periodic table. G, values 
for clean surfaces. X, single values of imcer- 
tain precision. A , reliable thermionic value 
(indicated only when photoelectric value is un- 
certain. \ , vertical Unes indicate approximate 
range covered by various reported values. 
(Hughes & Dubridge, see Bibliography) 
Courtesy of McGraw-Hill Book Co., Inc. 



in Table I. With the exception of the data for 
the clean metals, the values of threshold and 
work function are very rough experimental values. 



Table I 



TYPE OF 


TEM- 
PERA- 


THRES- 
HOLD 


WORK FUNCTION 6 


Photo- 




SURFACE 


TURE 


WAVE- 


elec- 


Thermi- 






LENGTH 


tric 


onic 




OK 


AO 


(Volts) 


(Volts) 


Clean Metals — 










Ta 


293 


3010 


4.13 


4.13 


Mo 


303 


2992 


4.U 


4.15 


W 


295 


2720 


4.54 


4.54 


Pd 


305 


2A90 


4.96 


4.99 


Thin Metal Filjns— 










Na on Pt 




5900 


2.08 




K on Pt 




7700 


1.60 




Rb on Pt 




7950 


1.56 




Cs on Pt 




8900 


1.38 




Th on W 




4900 


2.52 




Ba on Ag 




7900 


1.56 




Metals and 










Metal Oxides— 










Th 




3600 


3.43 




Oxidized Th 




4100 


3.01 




Ur 




3400 


3.63 




Oxidized Or 




3800 


3.25 




Ca 




4000 


3.09 




Oxidized Ca 




5200 


2.37 




Ba 




5000 


2.47 




Oxidized Ba 




6900 


1.79 




Composite Oxide 










Surfaces — 










Ag: NagO, Ag - Na 




6800 


1.85 




Ag: K2O, Ag - K 




8000 


1.55 




Ag: RbgO, Ag - Rb 




10000 


1.20 




Ag: CS2O, Ag - Cs 




12000 


1.00 





A. Space Distribution of Photoelectrons 

The curve in Fig. 6 shows the space distri- 
bution of photoelectrons from rubidium with 
polarized light. There is a slight difference 
between the two c\irves, one for parallel (li) and 
the other for perpendicular (i) polarized light, 
but the fact that both curves follow close to a 
cosine distribution when the light Is incident at 
700 from the normal shows that there is no ten- 
dency for the emitted electrons to follow the 
electric vector of the incident light. 
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Fig. 6 - Synmietrical angiilar distribution of 
photoelectrons from Rb, showing no tendency 
to follow the electric vector. Arrow shows 
direction of incident light. 

(Hughes & DuBridge, see Bibliography) 
Courtesy of McGraw-Hill Book Co., Inc. 

5. Relative Spectral Response of the Alkali 
Metala 

The spectral distribution curves for four of 
the alkali metals, Na, K, Rb, and Gs, are com- 
pared with the spectral response curve of the 
human eye in Fig. 7. All of the curves are drawn 
with their peaks at the same level to bring out 
the uniform shift toward longer wavelengths and 
the similarity of the form of the curves as we go 
from Na to Cs. It was found by Miss Seller^ that 
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Fig. 7 - Photoelectric cells using the 
piu*e alkali metals respond differently 
to light of various colors. 

(a. R. Olpin, Bell Labs. Record, 
Vol. 9, p. 311, 1931) 



for the alkali metals, the peak broadened and 
shifted toward longer wavelengths, and the maxi- 
mum sensitivity decreased, with an increase in 
atomic weight from Li to Cs. 

6. Variation of Photoelectron Emission with Crys- 
tal Planes 

In Fig. 8 are shown electron image pictures 
of a barium-covered nickel surface. Picture (a) 
shows the non-uniform distribution of photoelec- 
trons from a polished surface before heating. 
Picture (b) is the image of thermionic electrons 
after the siirface has been etched by evaporation. 
In the center portion the crystal structiare shows 
up clearly. Picture (c) is the image of photo- 
electrons after the surface was heated to pro- 







'^ E. G. Seller, "Color Sensitivity of Photoelec- 
tric Cells," Astrophys. Jour., VoL 5Z, p. 129;0ct. 
1920. 



Fig. 8 - Electron emission pictures of a 
barium coated nickel surface, (a) Photo- 
electric before heating, (b) Thermionic. 
(c) Photoelectric after heating. 

(Gross & Seitz, Zeits. fiir Phys., 
Vol. 105, p. 735, 1937) 

duce the thermionic -emission picttu-e. Here the 
crystal structure also shows up well but with 
not quite the contrast shown by the thermionic- 
emission picture. It is of interest to note the 
good correlation between the areas showing high 
emission for both photoelectric and thermionic 
emission. The other factor of interest is that 
different crystal faces have different values of 
work function even when coated with a layer of 
another metal. 

7. The Selective Photoelectric Effect 

The selective photoelectric effect is so 
named because of the form of the spectral dis- 
tribution curve, which has a rather sharp selec- 
tive maximum usually at a wavelength of several 
hundred Angstrom units below the threshold. It 
has been f oimd experimentally that this selective 
maximum observed for thin films and composite 
smooth surfaces with unpolarized light is due en- 
tirely to the component of the light polarized 
with its electric vector parallel to the plane of 
incidence or perpend iculsir to the plane of the 
photosurface. When light polarized with its 
electric vector perpendicular to the plane of in- 
cidence, or parallel to the plane of the photo- 
surface, is incident on a smooth surface, no se- 
lective maximum is found in the spectral distri- 
bution curve. Rough svurfaces show the selective 
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effect with light polarized in any plane, because 
there is always part of the surface perpendicular 
to the electric vector. K. Mitchell^ gives a 
theoretical interpretation of the phenomena of 
selective photoelectric emission. 

B. PHOTOELECTRIC EMISSION FROM THIN OXIDE FILMS 
MD COMPOSITE OXIDE SURFACES 

1. Change in Spectral Distribution by Oxidation 

The curves in Fig. 9 show the effect of oxi- 
dizing the surface of calcium. The curve for 
the oxide STjrf ace has a higher peak shifted toward 
longer wavelengths with respect to the curve 
for the pure metal. The oxidation of the surface 
also extends the long wavelength threshold by 
more than a thousand Angstroms. Similar effects 
have been observed with several other metals, 
e.g., Bg, Th, Al, and Ba. The curve for par- 
tially oxidized Ba evaporated from a barium oxide- 



have sensitivities of 200 and 150 jia/lumen while 
the selenium cells have sensitivities of 450 and 
120 ^la/lumen, respectively. Commercial selenium 
cells can now be obtained with a sensitivity of 
4.80 jia/lumen and caesium phototubes with a sen- 
sitivity of 35 to 55 jia/lumen. But even the 
best experimental caesium-oxide phototube with a 
sensitivity reported to be about 100 ^la/lumen or 
quantum efficiency of the order of 3% is far be- 
low the theoretical maximum. For commercial pho- 
totubes the quantum efficiency ranges from about 
0.0156 to 1.056. The lower values of quanttun effi- 
ciency are obtained with the pvire metals such as 
Ca, Mg, Cd, Th, and their oxides. These sur- 
faces are used for measurements of ultra-violet 
radiation. The higher values of quantum effi- 
ciency are obtained with the composite siu:faces, 
such as Ag; CS2O, Ag-Cs or Ag: RbgO, Ag-Rb which 
are used in the visible and infra-red region. 
This extremely low efficiency for the external 
photoelectric effect is due mainly to the low 
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Fig. 9 - (a) Sensitivity curve for a calcium 
cell in Corex D glass, (b) Sensitivity curve 
for the same cell treated with the oxygen 
from a tube at 40 mm pressure. 

(Rentschler & Herury, J.O.S.A., 
Vol. 26, p. 31, 1936) 

coated cathode is compared with that for pure Ba 
in Fig. 10. The relative sensitivities of Ba and 
Ba + BaO are not similar to the case of Ca and an 
oxidized calcium surface, probably because the 
surface is of different structure, being formed 
by entirely different methods. However, the long 
wavelength threshold is shifted by several hun- 
dred Angstroms by the partial oxidation. 

2. Quantum Efficiency of Light-Sensitive Devices 

The curves of Fig. 11 show that the caesium- 
oxide type of phototube has an extremely low en- 
ergy efficiency in terms of amperes per watt or 
in percentage of theoretical maximum yield of 
electrons per quantum of light as compared with 
other light-sensitive devices. The two Photox 
cells for which data are represented in Fig. 11 

3 K. Mitchell, "The Theory of the Sxirface Photo- 
electric Effect in Metals," Proc. Royal Society, 
Sec. A, (Part I) Vol. U6, p. 442; 1934; (Part 
II) Vol. 153, p. 513; 1935. 



Fig. 10 - (1) Sensitivity curve for barium 
metal in Corex D glass. (2) Sensitivity 
curve for the vaporized deposit from a 
barium oxide coated cathode. 

(Rentschler & Henry, J.O.S.A., 
Vol. 26, p. 31, 1936) 

probability of reaction between a quantiun of 
light and the boxmd surface electrons. There is 
practically no reaction between light quanta and 
the conduction electrons, or nearly free elec- 
trons, in a metal. Therefore, many quanta of 
light pass through ths surface layer of electrons 
of a metal without ejecting an electron and lose 
their energy to lower-lying bound electrons asso- 
ciated with the atoms by exciting the electrons 
to higher energy states. The energy of the pho- 
ton is not sufficient to eject an electron from 
these bound states in the metal. However, the 
case of secondary emission is entirely different 
because the primary electron is equivalent to a 
quantum of much higher energy and, therefore, may 
eject several low-lying bound electrons. 

This theory also points out why the quantum 
efficiency of photoconductive-type photocells, 
such as those with a barrier layer, copper oxide 
or selenium, may have much higher quantum effi- 
ciencies than phototubes which use the external 
photoelectric effect. The reason is becatise 
with photoconductivity we are dealing with semi- 
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conductors which have plenty of relatively high 
energy-bound electron states throughout the body 
of the crystal so that the excitation of an elec- 
tron to an unfi3J.ed conduction level is there- 
siilt of a volume reaction of high probability be- 
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tween light quanta and bound electrons. The 
caesium-oxide phototube has considerably higher 
qimntum efficiency than clean metal surfaces be- 
cause the Cs20-AgCs complex structure is of the 
nature of a semiconductor. Therefore, it is 
possible that electrons may be ejected from its 
surface by reaction with light quanta at differ- 
ent depths in the layer. But the layer is either 
too thick or has a value of conductivity too high 
to give an efficiency approaching that of the 
barrier layer photocell. 
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Fig. 11 - (top) Absolute spectral resjwnse 
curves for various light sensitive devices, 
(bottom) Quantum efficiency curves for var- 
ious light sensitive devices. 
(C. C. Hein, J.O.S.A., Vol. 25, p. 205, 1935) 



High sensitivity photosurfaces of the type 
represented by Ag: CS2O, Ag-Cs are subject to 
fatigue or decrease of sensitivity on exposure 
to light. The curves in Fig. 12 show that the 
fatigue increases as the wavelength of the light 
decreases. Fatigue is assumed to be due to pho- 
tochemical reaction which causes changes in the 
surface composition of these thick films of com- 
plex structure. 
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Fig. 12 - Decrease of current for a given 
Ag:Cs20, Ag-Cs cathode: 1, in infra-red 
light; 2, in red light; 3» in green light; 
4-, in blue light. 

(J. H. DeBoer, see Bibliography) 
Courtesy of The Macmillan Company 



The curves in Fig. 13 show the change in the 
spectral distribution characteristic produced 
by the fatigue reaction. The result of fatigue 
is similar to increasing the amount of caesium 
on the surface, as will be shown later. There- 
fore, fatigue appears to be due to a photochemi- 
cal reducing reaction whereby caesium is libera- 
ted from the caesium-oxygen structure just below 
the surface and diffuses to the surface. 

A. Time Lag in Gas-Filled Phototubes 

In order to increase the output of phototubes , 
it has been customary to introduce into the tube 
an inert gas such as argon to the order of 100 
microns pressiure. The primary photocurrent is 
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then amplified by ionization in the gas. The 
large mass of the ions produces a lag in the re- 
sponse to high frequencies. 
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Fig. 13 - Spectral distribution curve of a 
Ag:CS20, Ag-Cs cathode: (a) in a fresh state; 
(b) after fatigue has set in. 

(J. H. DeBoer, see Bibliography) 
Courtesy of The Macmillan Company 

The curves in Fig. 14 were taken on a gas- 
filled phototube of the 868 type with a gas pres- 
sure slightly below normal after the tube had 
been exposed to illumination for 694- microseconds 
followed by a dark period of 7630 microseconds. 
The different curves are for different voltages 
on the tube with the steady-light value adjusted 
to give a photocurrent of 10 microamperes. At 
20 volts the curve ia indistinguishable from that 



a -20 Volts 
b-53 " 
C-74 ■■ 
d-90 •■ 
e-97.5 " 




Fig. 14 - Time— lag plots for an argon cell 
at 100 microns of pressiire. 

Review of Scientific 
8, p. 389, 1937) 



(Huxford & Engstron 
Instruments, Vol. 



of a vacuum tube. The gas amplification ratio 
for the tube was about 4 at 90 volts. The fact 
that between 60% and 8O56 of the total ciarrent 
flows in less than 50 microseconds Indicates that 



a Isirge part of the gas amplification arises from 
the flow to the anode of electrons ejected from 
the atom, through primary ionization by the photo- 
electron. The slower-moving ions and metastable 
atoms produced ly electron impact reach the cath- 
ode later and release more electrons which con- 
tribute to the main portion of the current which 
lags by 50 to 750 microseconds. The persistence 
of the current after the light beam is removed 
shows similar characteristics to those during 
the rise. The electrons, ions, and metastable 
atoms left in the space after the light is cut 
off continue to bombard the cathode for from a 
few to several hundred microseconds, and cause 
electron emission which accounts for the current 
flow dying off slowly after the light beam is 
cut off. 

5. Energy Distribution of Photoelectrons at Dif- 
ferent Wavelengths 

The curves in Fig. 15 show the energy distri- 
bution of electrons from a thick film of potas- 
sium for the wavelengths 4-350 AO and 3650 A°. 
Comparing the curves witli those of Fig. 1, it can 
be seen that they approach the shape of the theo- 
retical curves except for the slight curvature on 
the low-energy side of the maximiim. As was 
pointed out earlier, this curvatxire can probably 




0.8 1.2 
Energy [vd\X.%) 

Fig. 15 - Energy distribution of photo- 
electrons from a 30 molecular layer film. 
(J. J, Brady, Phys. Rev., Vol. 46, p. 772, 1934) 



be attributed to experimental error, because of 
the difficulty of collecting low-velocity elec- 
trons . The shift In the peak toward higher-energy 
electrons for the shorter-wavelength light is 
to be expected, because the shorter-wavelength 
light quanta have higher values of energy. 

The curves in Fig. I6 are similar to those in 
Fig. 15, except that the ones in Fig. 16 are for 
a caesium-oxide surface of the type Ag: CsgO, 
Ag-Gg and are all plotted so that the point at 
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which the number of high-energy electrons be- 
comes very low is the same point for each curve. 
Thus, the horizontal axis of electron velocity 
may be considered to be in per cent of an arbi- 
trary maximum velocity. The curves bring out the 
following interesting points. None of them ap- 
proach the shape of the theoretical curve for a 
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, 16 - (1) A= A358 AC; (2) X= 5A60.7 A°; 

(3) infra-red. 
(Pjatinitzki & Timofeew, Phys. Zeits. 
Sowjetunion, Vol. 9 p. 195 i 1936) 



clean metal surface as In Fig. 1 and the long- 
wavelength infra-red radiation gives the highest 
proportion of high-velocity electrons. The first 
fact shows that either the absorption character- 
istics or the excitation probability of complex 
films is quite different from that of clean met- 
als. This last fact indicates that most of the 
electrons emitted by infra-red radiation come 
from the stirface layer of atoms and, therefore, 
little energy is lost by the electrons in escape 
from the metal. This evidence is in support of 
DeBoer's picture of the infra-red peak in the 
caesium-oxide siirface being due to a type of 
photoionization of the surface caesium atoms. 

6. Spectral Distribution Characteristics of the 
Caesium-Oxide Type (Ag; Cs ? 0. Ae-Cs) Photostirface 

The spectral distribution curve for an 868- 
type caesium-oxide phototube is shown in Fig. 17. 
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It will be seen that the infra-red peak occurs 
at about 7300 A" and that the long-wavelength 
limit is reached at nearly 11000 A°. 

The curves in Fig. 18 show the relative spec- 
tral sensitivities of the oxide surfaces of the 
alkalies Na, K, Rb, and Cs. From these curves 
it can be seen that Cs and Rb are the only alkali 
oxides with a long-wavelength maximum. It is 
also interesting to note that K and Na with no 
long-wavelength peak have higher peaks, near 
iiOOO Ao, than Cs or Rb. 
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(W. Kluge, Phys. Z., Vol. 34, p. 115, 1933) 

Data relating to AgiMejO.Ag-He cathodes 
(W. Kluge, Phys.Z. 3», 125 (1933)). 
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Fig. 17 - Spectral distribution curve for 
Type 868 caesium-oxide phototube . 



Fig. 18 



Prescott and Kelly of Bell Telephone Labora- 
tories did a considerable amount of research on 
the influence of the caesium-to-oxygen ratio on 
the characteristics of the caesivuu-oxide-type 
phototube. The importance of the caesium-to- 
oxygen ratio in determining the behavior of the 
phototube is well illustrated by the spectral 
distribution curves of Fig. 19. The ciu^re No.l 
is characteristic of a surface with a low cae- 
sium-oxygen ratio; the peak sensitivity occurs at 
about 7500 k° but is lowjand the threshold wave- 
length is slightly beyond 11000 A©. Curve No. 2 
shows the effect of adding more caesium. The in- 
crease in caesium-to-oxygen ratio increases the 
peak sensitivity, moves the peak toward longer 
wavelengths to a maximum of about 8000 A°, and ex- 
tents the threshold to about 12000 AO. Ciurve No. 3 
shows the effect of a still higher caesi\am-to- 
oxygen ratio. The peak sensitivity still in- 
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creases but the peak mores back to 7500 k°, and 
the threshold wavelength decreases to just beyond 
10000 A°. The effect of a still higher caesium- 
to-oxygen ratio is shown by curve No .4. where the 
peak-sensitivity wavelength and the threshold 
wavelength are considerably reduced. The spec- 
tral distribution characteristic offers a very 
sensitive check on the caesium-to-oxygen ratio 
for a caesium-oxide photosurface, but unfortun- 
ately it is not a characteristic suitable for 
practical control of processing. Rather, it is 
one of the results which must be held to somewhat 
close limits by other less-sensitive methods of 
test. 
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Fig. 19 - Several spectral distribution 
curves of Ag: CS2O, Ag-Cs photocathodes 
with different amounts of adsorbed Cs 
atoms. The amount of Cs increases from 
curve 1 to c\ii've 4-. C. H. Prescott, Jr. 
and M. J. Kelly, Bell System Tech. Jour. 
11, 334- (1932). Courtesy of American 
Telephone & Telegraph Company. 

7. Silver Sensitization 

The Japanese physicists, Asao and Suzuki ,^ dis- 
covered that the sensitivity of the caesium-oxide 
type photosurface could be increased from about 
20 to 100^ \iy the evaporation of a metal such as 
silver after the optimum photosensitivity has 
been obtained by baking-in the caesium. Usually 
the evaporation of a veiy small amount of Ag on 
the sensitive surface causes a slight rise in 
sensitivity, about 5/6, followed by a rapid de- 
crease in sensitivity with further silver evapora- 
tion. However, if the Ag is evaporated until 
the photosensitivity has decreased to about 20% 
of its original value and baked for a few min- 
utes between 170 and 190°C, the sensitivity will 



^ S. Asao and H. Suzuki, "Improvement of Thin 
Film Caesium Photoelectric Tube," Proc. Phys. 
Math. Soc. Japan, Ser. 3, Vol. 12, pp. 247-250; 
1930. 



usually rise to about 5O56 or more above the ori- 
ginal value. 

The spectral distribution curve shown in Fig. 
20 is typical for a caesiiun-oxide-type surface 
sensitized by further evaporation of Ag after 
caesiation. The infra-red peak sensitivity is 
high and occurs at about 8500 A°. The threshold 
wavelength is near 12000 A^. The ultra-violet 
peak is not greatly changed by this process. 

8. Semi transparent Photostirfaces 

It has been found that thin films may show 
rather high photoelectric emission when light 
is incident on one side of the film and the 
electrons are taken off the opposite side. Films 
have been produced with white-light sensitivi- 
ties from 15 to 40 fia/lumen. However, the films 
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Fig. 20 - Representative spectral distribu- 
tion curve of a Ag: CS2O, Ag-Cs cathode 
T/ith a surplus of Ag in the layer. S. Asao, 
Physics, 2, p. 19 (1932). Courtesy of Amer- 
ican Physical Society. 

with the higher sensitivities have very high 
values of resistance (in the order of several 
megohms) . Films with sensitivities in the order 
of 15 to 20 ^la/lumen have sufficiently low val- 
ues of resistance (in the order of 100000 ohms) 
to be useful in television pickup tubes. In Fig. 
21 is shown the spectral distribution curve for 
a semitransparent photosurface having a white- 
light sensitivity of 16 to 17 fia/lumen. 

Besides being useful for television pickup 
tubes of a special type, the semitransparent 
photosurface can be used for a microscope, an 
infra-red image tube, or phototubes for special 
applications. The form of and resTilts obtained 
with an image tube using a semitransparent photo- 
surface are shown in Fig. 22. At the upper right 
is a diagram of the image tube. The lens fo- 
cuses an image on the semitransparent photo- 
svirface K. The electron image is focused on the 
luminescent screen S by the electrostatic lens E, 
formed by the potential difference between the 
electrodes Z\ and Z2 and the magnetic lens M. 
The mesh grid at the left was photographed on 
the luminescent screen from an image on the semi- 
transparent photocathode . The pictures of the 
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boy at the lower right are the light image on the 
semitransparent photocathode and the electron 
image on the lixmlnescent screen, respectively. 
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Fig. 21 - Spectral distribution curve for 
semitransparent photosurface having white- 
light sensitivity of 16-17 |jw./lvmen. 

9. Sources of Alltali Metals 

The alkali metals may be obtained from their 
compounds by a reducing reaction with a metal, in 
a manner similar to the thermit reaction between 
iron oxide and aluminiim. A reaction of this type 
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Fig. 22 
(Vr. Sohaffemicht, Zeits fiir Phys., 
Vol. 93, pp. 765, 767, 1935) 

is exothermic and liberates considerable heat 
after being started at a temperature of 500° to 
1000°C depending on the materials. The heat of 
reaction raises the temperature of the reacting 
constituents and helps to carry the reaction to 
completion. 

The following metals and compounds of the al- 
kali metals can be used as suitable sources of 
the alkali metals for phototubes: alkali chro- 
mate, dichromate, or permanganate used with sili- 



con, aluminum, tantalum, columbium, titani\un, or 
vanadium. These materials are generally used in 
the form of finely divided powders. The alkali 
compotmd is mixed with the reducing metal and the 
mixture pressed into a small pellet. This pellet 
is enclosed in a tight-fitting metal box and 
flashed by high-frequency heating. The reducing 
reaction for some mixtures begins at a relatively 
low temperature and proceeds rather slowly, while 
for other mixtures the reaction may start at a 
mtich higher temperatmre and proceed with almost 
explosive violence. Different mixtures are used 
for different purposes. In phototubes, a mixture 
of caesium dichromate and silicon is quite widely 
used as a source of caesium. 
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Part II - Secondary Emission 

INTRODUCTION 

Thermionic and photoelectric emission from a 
metal surface occur when the conduction electrons 
(free electrons) of a metal absorb a sufficient 
amount of thermal energy or energy in the form 
of incident light to overcome the potential bar- 
rier represented by the work function of the met- 
al surface. Therefore, metals of low work func- 
tion readily emit electrons when subjected to 
either thermal or light energy. The number of 
emitted electrons is found experimentally to 
agree well with the number calculated on the 
basis of the general electron theory of metallic 
conduction. However, considerably less is known 
about the mechanism of secondary emission (the 
emission of electrons from a solid bombarded by 
electrons). For example, until the last few 
years it has been impossible to determine from 
the literature whether metals of low work func- 
tion give high or low values of secondary emis- 
sion. From measurements by Copeland5 on beryl- 
lium, aluminum, and calcium, the impression is 
gained that the secondary emission from these 
metals is large compared with that from metals 
of higher work function, such as nickel and tung- 
sten. However, Famsworth," who investigated 
several metals in high vacuum, foimd that freshly 
evaporated surfaces of magnesium had a lower value 
of secondary emission than nickel, iron, ac timg— 
sten. The conflicting results in the large amoiint 
of published data on secondary emission are due 
to the great influence of small siirface contami- 



5 P. L. Gopeland, "Correlation between Variation 
cf Secondary Electron Emission and Atomic Number," 
Phys. Rev., Vol. 46, pp. 167-163; Aug. 1, 1934.} 
"Secondary Emission of Complex Targets," Phys. 
Rev., Vol. 48, pp. 96-98; July 1, 1935. 

H. E. Famsworth, "Electronic Bombardment of 
Metal Surfaces," Phys. Rev., Vol. 25, pp. 41-57, 
July, 1925. 



nations on the secondary-emission characteristics 
of solids and the poor vacuum conditions often 
used. Most of the older data, with the exception 
of the data by Famsworth as well as other data 
taken under good vacuum conditions with well- 
degassed surfaces of metals which can be heated 
to very high temperature such as tungsten, molyb- 
denum, tantalum, and columbium, are not only in- 
accurate but are not even good enough to show 
general trends. Therefore, very little of the 
early data will be used in this treatment of the 
subject. However, for the purpose of historical 
interest and completeness, reference is given to 
a rather complete summary of the entire field of 
secondary emission and a comprehensive bibliog- 
raphy up to 1937 published by Kollath.''' 

Beginning with 1937, Bruining and DeBoer have 
published a series of papers on seoondaiy emission 
which give data en a large number of metals, com- 
posite layers and compounds, taken under good 
vacuum and very carefiiLly controlled conditions. 
These data are used to formulate a consistent 
and logical theory of secondary emission which 
is an important addition to OTir knowledge of this 
phenomenon. Reference will be made to these pa- 
pers as the various subjects are discussed. 

Some interesting resvilts on the relation be- 
tween secondary emission and work function for 
very thin films of metals of low work function, 
for example, barium on a metal of high work func- 
tion such as ttingsten, are given in a paper by 
Treloar.° The resiilts of Treloar are in agree- 
ment with similar data given by Bruining and 
DeBoer.' 

Data on a high secondary-emission composite 
surface of the alkali metals represented by the 
type Ag:CS20, Ag-Cs are given by Zworykin and 
Morton. 10 

A careful analysis of the phenomena of high 
secondary emission from composite surfaces, such 
as magnesium oxide on a nickel alloy, has been 
made by Nelson. •'-'■ Data have been presented by 
him to show that a positive charge in the surface 



^ R. Kollath, "The Secondary Emission of Solid 
Bodies," Phys. Zeits., Vol. 38, No. 7, pp. 202- 
24O; 1937. (For English translation, see Ref.4-7) 

° L. G. R. Treloar, "Secondary Emission from Com- 
plex Surfaces," Proc. Roy. Soc, Sec. A, Vol.49, 
p. 392; 1937. 

' H. Bruining and J. H. DeBoer, "Secondary Elec- 
tron Emission," Part VI — ^The Influence of Exter- 
nally Adsorbed Ions and Atoms on the Secondary 
Electron Emission of Metals, Physica VI, No .9, 
pp. 94I-95O; October, 1939. 



10 



V. K. Zworykin and G. A. Morton, "Television," 



p. 30, John Wiley & Sons; 1940. 

■^ Herbert Nelson, "Phenomena of Secondary Elec- 
tron Emission," Phys. Rev., Vol. 55, p. 985; May 
15, 1939. 
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film is an important factor contributing to high 
secondary emission. He also has pointed out the 
relation between high secondary emission from 
composite s\arfaces and thin-film field emission 
described by Malter.-*^ 

Data on the secondary-emission characteristics 
of insulators, such as glasses and luminescent 
materials, are far less numerous than that on 
metals but some results may be found in the fol- 
lowing references. -'-3,14)15 

SECONDARY EMISSION OF CLEAN METALS 

The secondary-emission ratio ( 5 = the number 
of secondary electrons emitted per bombarding 
primary electron) increases to a maximum value, 
then decreases when the voltage of the primary 
electrons is increased, as shown in Fig. 23 which 
gives data on a number of clean metals. A simi- 
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Fig. 23 
(Data from Bruining and DeBoer) 



lar type of curve is characteristic of the vari- 
ation of secondary emission with primary electron 
voltage for contaminated or composite surfaces. 



L. Malter, "Thin-Film Field Emission," Phys. 
Rev., Vol. 50, pp. 4-8-58; July 1, 1936. 

13 
■^ W. S. Nottingham, "Electrical and Luminescent 

Properties of Willemite under Electron Bombard- 
ment," Jovu-. of App. Phys., Vol. 8, pp. 762-778; 
November, 1937. 

1^ Von C. Hagen and H. Bey, "Charge Potential of 
Insulators Bombarded by Electrons," Zeits. f. 
Fhysik, IDA, pp. 681-684; 1937. 

15 s. T. Martin and L. B. Headrick, "Light Output 
and Secondary-Emission Characteristics of Lumin- 
escent Materials," Jour, of App. Phys., Vol. 10, 
pp. 116-127; February, 1939. 



Data from Bimining and DeBoerl6,17 on the 
maximum value of 5 for several metals and the 
primary electron voltage at which it occurs are 
given in the following table along with data on 
work function, atomic weight, and atomic volume 
for comparison. It will be noted that, taken as 
a whole, the da-ta in this table show a lack of 
correlation of the maximum value of 5 with work 
function, atomic weight, or atomic volume. 

Table I 

SECONDARY MISSION FROM CLEAN METALS 







Primary 










Maximum 


Voltage 










Second- 


at Max- 


Work 






Metal 


ary 


imum 


Func- 


Atomic 


Atomic 




Emission 


Emission 


tion 


Weight 


Volume 




Ratio 


(approx. 










5 


Volts) 


(Volts) 






Be 


0.53 


200 


3.16 


9.0 


4.9 


Li 


0.56 


83 


2.28 


6.9 


13.0 


Cs 


0.72 


400 


1.81 


132.8 


71.0 


Ba 


0.83 


400 


2.11 


137.4 


36.1 


Mg 


0.95 


200 


2.42 


24.3 


14.1 


Al 


0.97 


300 


2.26 


27.0 


10.0 


Th 


1.14. 


750 


3.38 


232.2 


21.1 


Ni 


1.25 


500 


5.03 


58.7 


6.7 


Mo 


1.25 


375 


4.15 


96.0 


9.3 


Cu 


1.29 


600 


4.30 


63.6 


7.1 


W 


1.35 


630 


4.54 


184. 


9.8 


Ag 


1.56 


800 


4.74 


107.9 


10.2 



However, upon more critical examination, one 
finds that the following generalizations with 
regard to the secondary-emission characteristics 
of different metals are illustrated ly the curves 
of Fig. 23 and the data in Table I. 

1) The maximum value of 5 occurs at lower 
voltages for the light metals than for the heavy 
metals . 

2) The rate of decrease of S with increas- 
ing primary-electron voltage beyond the maximum 
is higher for the light metals than for the heavy 
ones. 

3) The maximum value of 5 occurs at higher 
values of primary-electron voltage for metals of 
high work function than for those of low work 
function among metals of similar atomic weight. 



H. Bruining and J. H. DeBoer — Preliminary 



16 

Gommionication: "Secondary Electron Emission of 
Metals of Low Work Function," Physica IV, No. 6, 
pp. 473-477; June, 1937. 

•'-' H. Bruining and J . H. DeBoer, "Secondary Elec- 
tron Emission," Part I — Secondary Emission of 
Metals, Physica V, No.l, jp- 17-30; January, 1938; 
Part II — ^Absorption of Secondary Electrons, Phys- 
ica V, No. 10, pp. 901-912; December, 1938. 
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4-) The maximum value of S is higher for 
metals of high work function than for metals of 
low work function among metals of similar atomic 
weight. 

5) The maximum value of S is higher for 
metals of low atomic volume than for those of 
high atomic volume except in the case of a few 
very light metals with low atomic volume. 

Apart from the velocity of bombarding electrons 
and other factors already mentioned, the second- 
ary-emission ratio depends upon the nature of the 
surface (rough or smooth) and the angle of inci- 
dence. The value of 5 is a minimxim for electrons 
arriving perpendicular to the surface (angle of 
incidence = 0°) and for smooth surfaces increases 
from 2 to 5 times for different metals at large 
angles of incidence approaching 90°. The values 
of 5 are considerably less for rough surfaces 
than for smooth ones. Bruining and DeBoer-'-" have 
found, upon analysis of data showing the relation 
between S and angle of incidence for different 
metals ard different voltages, that the low value 
of 5 at zero angle of incidence is principally 
due to absorption of secondary electrons before 
they reach the surface. The decrease of S with 
increased primary-electron voltage above Vne max- 
imum value may also be attributed to secondary- 
electron absorption. 

Accurate measurements of the velocity distri- 
bution of secondary electrons are difficult to 
make because of scattering and contact potential 
difference; therefore, little data are available. 
HawortfalS gives data on the energy distribution 
of secondary electrons Scorn well-outgassed molyb- 
denum. However, it has been found that most of 
the secondary electrons have velocities less than 
30 volts and more than half of them less than 10 
volts. The velocity distribution of secondary 
electrons is practically independent of the ve- 
locity of the primary beam. 

SURFACES OF LOW SECONDARY EMISSION 

In the operation of radio tubes it is often 
found that high secondary emission from certain 
elements, for example, triode plates, and tetrode 
screen grids and plates, produces undesirable 
electrical characteristics. The suppressor grid 
of the pentode was introduced to eliminate the 
effect of seccHidary emission from the plate. It 
is not always practical to introduce a suppressor 
element to avoid the unwanted effects of second- 
ary emission, nor is it always possible to design 
electrodes of such a shape that low-potential 
regions created by space charge will effectively 
suppress secondary emission. Therefore, stlrfaces 



which are inherently low secondary emitters have 
been of considerable importance in radio-tube 
design and a few words regarding their prepara- 
tion will not be out of place. 

It has been generally found that roiigh siirfaces 
have low secondary emission and that carbon and 
finely divided graphite have very low secondary 
emission. Carbonized metals have been used in 
radio tubes because of their low secondary emis- 
sion and other desirable properties for many 
years. Bruining, DeBoer, and Burgers-'-^ have pub- 
lished data on the secondary-emission character- 
istics of specially prepared carbon surfaces of 
very low secondary emission.. Their data are 
shown in Fig. 24.. Microphotographs of the sur- 
faces of the two types of carbon films are shown 
in Fig. 25. 

It appears fixim these pictures that the sprayed 
surface which gave the higher secondary emission 
is the rougher. However, the very finely divided 
precipitated soot film (Fig. 25a) probably appears 
rougher and has a higher percentage of open space 
presented to the electron than the agglomerated 
sprayed film (Fig. 25b). It is also interesting 
to note that the precipitated soot film could 
absorb Ba and BaO evaporated from the cathode 
surface without an appreciable change in second- 
ary emission although the sprayed carbon film 
showed an appreciable increase in secondary emis- 
sion under similar conditions. 

SECONDARY EMISSION OF GLASS AND 
LUMINESCENT MATERIALS 

The wide use of glass in radio tubes and the 
more recent extensive use of cathode-ray tubes 
with their luminescent screens lends interest to 
the secondary-emission characteristics of these 
materials. The prevalent use in such tubes of 
the alkaline-earth metals as getters and of col- 
loidal graphite bulb-wall coatings, both of which 
are likely sources of contamination, has given 
rise to a wide range of secondary-emission charac- 
teristics of glass and luminescent materials as 
measured in various tubes. 

Data on the electron bombardment of glasses 
which are relatively free of contaminations show 
that with an anode potential up to approximately 
200 volts, glasses stay at cathode potential, but 
at slightly above 200 volts, they suddenly assiime 
a positive potential approaching that of the anode. 
The glass remains near the anode potential up to 
about 1600 volts. On further increase in anode 
potential, the glass potential begins to depart 
from the anode potential and reaches a maximiun 
of about 2000 volts when the anode potential is 
several himdred volts higher. The glass poten- 
tial remains at a nearly constant value of 2000 



16 



Loc. cit. 



-••^ L- J. Haworth, "The Energy Distribution of 
Secondary Electrons from Molybdeniim, " Fhys.Rev., 
Vol. 48, pp. 88-95; July 1, 1935. 



■^° H. Bruining, J. H. DeBoer, and W. G. Burgers, 
"Secondary Electron Emission of Soot in Valves 
with Oxide Cathodes," Physica, Vol. 4, pp. 267- 
275; 1937. 
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volts independent of further increase of anode 
potential. When the anode potential is decreased 
below 2000 volts, the same curve is followed 
downward to about 200 volts, where the glass in- 
stead of going suddenly to cathode potential as 
in the case of increasing voltage, continues to 
remain near anode potentiaJL down to about 100 
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Fig. 24. - Change of capability for secondary 
emission of different soot surfaces face to 
face with an oxide cathode as a function of 
time. 

Curve P: soot precipitated from a flame: 



Va = +250 V, Vg 



Curve Q: 



+11 V. 
tubes) 



(mean value for 5 
sprayed soot; 
Va = 250 V, Vg = +11 V. 
(mean value for 9 tubes) 
Curve R: soot precipitated from a flame; 



Va = Vg = 100 V. 
(mean value for 5 tubes) 



volts, at which point the secondary-emission 
ratio again becomes less than 1, and the glass 
goes suddenly to cathode potential. This type 
of curve is characteristic of glasses, but an 
increase of alkali oxide on the surface will in- 
crease somewhat the voltage range over which the 
glass floats near anode potential. Clean Nonex 
glass gives a secondary-emission ratio equal to 
or greater than 1 over a small range of anode 



potential from about 150 volts up to about 1200 
volts. Lime glass with an excess of alkali oxide 
on the surface gives a secondary-emission ratio 
equal to or greater than 1 for a larger range of 
anode potential from about 70 to several thou- 
sand volts. 
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Fig. 25 - Microphotographs of two kinds of 
carbon soot, (a) Precipitated directly from 
a flame of burning turpentine: particle size 
is smaller than the resolving power of the 
microscope, (b) Obtained by spraying an al- 
coholic suspension of soot: agglomerated 
particles of ~100 \i diameter. 
(DeBoer, Bruining, & Burgers, reference 19) 



There are three classes of luminescent mater- 
ials generally used in cathode-ray tubes, i.e., 
silicates, sulphides, and tungstates. Examples 
of these are: zinc silicate (green willemite), 
zinc beryllium silicate (yellow to orange), zinc 
sulphide (blue to green), zinc cadmium sulphide 
(green to red), calcium tungstate, and magnesium 
tungstate (blue) . Values of the primary-electron 
beam voltage for which S is greater than 1 with 
luminescent screens on glass are given in Table 
II. 



Table II 



Luminescent 

Material 

Class 


Electron Voltage 

for 5 > 1 

(Volts) 


Silicates 
Sulphides 
Tungstates 


300 to 15000 * 
400 to 8000 * 
500 to 4000 * 



* The higher potentials are often referred 
to as the limiting potential of the ma- 
terial In question. 



These values are only rough approximations as 
they may be appreciably influenced by BaO or other 
contaminations and also by the fact that the glass 
surface area is probably not more than 75 per 
cent covered by luminescent material. It has 
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been shown by experiment that all values of the 
limiting potential, between those given in Table 
II and that for glass, can be obtained by varia- 
tions in glass coverage with liminescent material. 

RELATION BETWEEN SECONDARY EMISSION AND WORK 
FUNCTION AT LOW ELECTRON VELOCITY 

It has been shown by Bruining and DeBoer^^ in 
experiments on barivim and silver using electrons 
with very low velocities (below 100 volts) , that 
5 is greater for barium than for silver for 
electron velocities below 30 volts. At higher 
voltages S is greater for silver than for bariian. 
The results were corrected for electron reflec- 
tion which was measured separately. It is con- 
cluded that at very low electron velocities, ab- 
sorption of secondary electrons is not important 
because the primary electrons penetrate only a 
very few atomic layers. Therefore, the secondary 
electrons for the most part have only the poten- 
tial barrier or work function at the surface of 
the metal to overcome in order to be emitted. 
Under these conditions, metals of low work fimc- 
tion may be expected to show higher values of 5 
than those of high work function, while at higher 
values of electron velocity where the primary 
electrons penetrate a large number of atomic lay- 
ers, the absorption of the secondary electrons is 
of greater importance than the surface work func- 
tion. 

Further data on the relation betv/een second- 
ary emission and work function at low electron 
velocities are given by TreloarS with experiments 
on barivim-coated tungsten and by Bruining and 
DeBoer° with experiments on barium-coated molyb- 
denum. In both of these cases it is found that 
as barium is evaporated onto a metal of high work 
function, in less than a monatomic layer, S in- 
creases until the work function reaches a minimum 
value, and then slowly decreases as the work func- 
tion increases with more barium on the siirface. 
Bruining and DeBoer^ also show that as barium is 
evaporated the photoelectric emission rises with 
an increase in S but drops much more rapidly 
than 8 beyond the minimum value of the work f\mc- 
tion as the work f\mction increases. Another 
interesting point brought out by Bruining and 
DeBoer° is that the S increases linearly with an 
increased percent coverage by bariiim of a molyb- 
denum surface while the photoemission increases 
exponentially with the surface coverage for val- 
ues of surface coverage below that corresponding 
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Loc. cit. 



Loc. cit. 

20 H. Bruining and J . H. DeBoer, "Secondary Elec- 
tron Emission," Part III — Secondary Electron 
Emission Caused by Bombardment with Slow Primary 
Electrons, Physica V, No. 10, pp. 913-917; Dec, 
1938. 



to the minimxun value of work fimction. This 
difference between the behavior of secondary and 
photoelectric emission is due mainly to the 
difference in electron velocity range in the two 
cases. In the case of the photoelectric emis- 
sion excited by visible light, the electrons as 
they approach the surface from within the metal 
have a velocity distribution of about 3 volts, 
while for secondary electrons the velocity dis- 
tribution Is about 30 volts . By using ultraviolet 
radiation ( \ = 2537 A°) where the electron veloc- 
ity distribution is increased to nearly 5 volts, 
the photoemission increases with the surface 
coverage nearly linearly and thus more closely 
approaches the linear relation between surface 
coverage and S . 

SECONDARY EMISSION OF COMPOUNDS 
AND COMPOSITE SURFACES 

Compounds and composite surfaces of the alkali 
and alkaline-earth metals have high values of 
5 • They are much higher than those of the pure 
metals of which the compounds are composed, as 
illustrated lay the data on the left side of Table 
III and the cvirves in Fig. 26. The data given in 
the right side of Table III show that 5 for other 
compoimds is of the same order as S for the met- 
als of which they are composed. 
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Fig. 26 

(Data for MgO from Nelson, reference 11; data 
for alkali metals from Zworykin and Morton, 
reference 10; data for Ba oxide cathode from 
Bruining and DeBoer, reference 21.) 



Layers of the compoimds in the left column 
have not been found to make suitable surfaces of 
high secondary emission for practical tubes be- 
cause electron bombardment of these materials 
causes S to decrease with time rather rapidly if 
any appreciable current per unit area is drawn 
from the electrode. Quite satisfactory results 
have been obtained in electron multipliers which 
use the Ag:Cs20, Ag-Cs type composite surface 
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similar to that used for photoelectric emission. 
Nelson,llas well as Bruining and DeBoer,^^ give 
data showing high values of 5 for a thin film of 
magnesium oxide obtained by evaporation of mag- 
nesium oxide or evaporation of magnesium in a low 
pressure of oxygen. These films of magnesium 
oxide have also been found to be suitable for use 
as high secondary-emission surfaces in practical 
tubes. 

Table III 



Compo\md 


s 

max 


Compound 


Smax 


GaFg 
B&F2 


3.2 


WS2 
AgSg 


0.96 - 1.04 


4.5 


0.90 - 1.18 


Nal 


5.5 


M0S2 


1.10 


KI 


5.6 


M0O2 


1.09 - 1.33 


LiF 


5.6 


CU2O 


1.19 - 1.25 


NaF 


5.7 






RbCl 


5.8 






CsCl 


6.5 






NaCl 


6.8 






KCl 


7.5 







to present at least a qualitative consistent 
picture of the mechanism of secondary emission. 
The views as presented here are derived mainly 
from Nelson-'--'- and Bruining and DeBoer.22 

When the primary electron passes through the 
surface of a substance, its energy for the most 
part may be transferred to bound electrons at 
different distances from the surface . Very little 
energy can be transferred from the primary elec- 
tron to the nearly free conduction electrons in 
metals. In order that the secondary electron be 
emitted after it has received energy from the 
primary electron, it must be able to travel 
through the substance to the surface and then 
have sufficient energy to overcome the work func- 
tion of the surface. As has been pointed out, 
the work function of the surface exerts an im- 
portant influence on secondary emission only for 
very-low-velocity primary electrons. Therefore, 
it may be concluded that secondary electrons in- 
side a substance usually have ample energy to 
overcome the surface work function. Thus, it 
appears that the following factors are most im- 
portant in determining what values of 5 will be 
obtained. 



Compounds that have high values of 5 are those 
in which the unfilled electron band has such an 
energy position that the secondary electrons 
brought in to this band by the action of primary 
electrons are able to escape from the surface 
without taking up additional energy. Thus they 
are, in general, insulators where the ion of an 
electro-positive element has a closed electron 
shell (similar to the rare gas stnicture) and are 
not good semiconductors. However, to be of 
practical value as a high secondary-emission sur- 
face in tubes where current must be drawn through 
the siu-f ace, the compound or composite layer must 
have some appreciable electron conductivity. 
Therefore, for practical high secondary-emission 
surfaces, we look for materials which are poor 
semiconductors, or good insulators which have 
been modified by their method of preparation so 
tliat they become poor semiconductors. 

MECHANISM OF SECONDARY-ELECTRON EMISSION 

Until recently it has not been possible to 
describe clesirly the mechanism of secondary emis- 
sion because of so much apparently conflicting 
experimental data reported in the literatiire. 
However, through the work of Bruining and DeBoer 
on clean metals as well as on compounds and com- 
posite surfaces, and that of Nelson, it is now 
possible to see what data are most reliable eind 



11 Loc. cit. 



21 H. Brtilning and J . H. DeBoer, "Secondary Elec- 
tron Emission," Part IV — Compounds with a High 
Capacity for Secondary Electron Emission, Physica 
VI, N0.8, pp. 323-833; August, 1939. 



1) The probability of transfer of energy 
in suitable small amounts from the primary elec- 
tron to a number of bound electrons within the 
substance. 

2) The transmission coefficient of the sub- 
stance for low-velocity electrons. 

Very little is known about the properties of 
solids which influence the first factor. How- 
ever, it is reasonable to assume that the first 
factor does not vary widely for different solids 
and then to consider what properties influence the 
second factor. We know that metals have a large 
number of unfilled energy bands capable of ab- 
sorbing low-velocity electrons and thus they have 
a high absorption coefficient for the yet unemit- 
ted secondary electrons which may account for the 
generally low secondary emission of metals. On 
this basis, metals which have the higher values 
of 5 are those that have low atomic volume and a 
large niimber of bound electrons in the outer level, 
such as the heavy metals which have a high ab- 
sorption coefficient for fast electrons and thus 
provide an opportunity for secondary electrons 
to be produced near the metal surface where they 
may readily escape. Metals with large atomic 
volume and few bound electrons in the outer levels 
allow deep penetration of the primary electrons 
and, therefore, the secondary electrons have long 
distances to travel to the surface with a good 
chance of absorption before they get there and 
thus few are emitted. 



'^^ H. Bruining and J . H. DeBoer, "Secondary Elec- 
tron Emission," Part V — The Mechanism of Second- 
ary Electron Emission, Physica VI, No. 8, pp. 834- 
839; August, 1939. 
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The fact that the maximum value of S occurs at 
lower voltages and the rate of fall of 8 beyond 
the maxinum is greater for the lighter elements 
of high atomic volume than for the heavy elements 
of loiT atomic volume, also fits in well with the 
absorption picture as described above. For, if 
we may say roughly that the optimum value of sec- 
ondary emission occurs for given depth of pene- 
tration of the primary beam, then the primary 
electrons will reach this depth, at lower voltage 
In metals of high atomic volume than in those of 
low atomic voliome. Also, if the rate of penetra- 
tion of primary electrons is high, the rate of 
decrease of S above the maximum with increasing 
voltage will be high. 

Following this same picture, we concliode that 
the secondary emission of compounds and composite 
surfaces which are fairly good insulators is, in 
general, high because their absorption coeffi- 
cient for low— velocity electrons is low. The 
absorption coefficient is low because they have 
few empty electron bands, a fact which accounts 
also for their low electronic conductivity. It 
will be noted from Table III that there are 
apparently two classes of compounds; those with 
values of 5 much higher than for metals, and 
those with values of S of the same order as for 
metals. These two groups of compounds have dif- 
ferent empty electron energy bands, as follows: 

1) The compounds with high values of S have 
the empty electron energy band where secondary 
electrons entering it may be emitted without re- 
ceiving more energy. 

2) The compounds with low values of 5 have 
an empty electron energy band where secondary 
electrons cannot leave lanless they originate from 
surface atoms, or unless they receive additional 
energy to bring them to a still higher empty 
band from which they may leave the metal without 
still further energy. 



Therefore, we may say compounds of the first 
group have low absorption for low-velocity sec- 
ondary electrons, while those of the second group 
have a high absorption for low-velocity second- 
ary electrons similar to metals. 

Bruining and DeBoer22 bring out one other 
interesting point regarding the correlation of 
secondary-emission characteristics with other 
properties, namely, the compounds with low sec- 
ondary emission are those in which the long wave- 
length limit of the internal photoelectric ef- 
fect is at longer wavelengths than that of the 
external photoelectric effect. Or, in other 
words. In compounds where the crystal lattice 
shows light absorption at longer wavelengths than 
that corresponding to the long wavelength limit 
of the external photoelectric effect, S will be 
low (semiconductors). When, however, the long 
wavelength limit of the external photoelectric 
effect corresponds to the first absorption band 
on the long wavelength side of the absorption 
spectrum, S will be high (colorless insulators) . 

It has been shown by Nelson-'-'- with carefully 
controlled experiments on thin films of magnesium 
oxide deposited by evaporation on a nichrome 
plate, that a positive charge produced in the 
insulating layer as a result of secondary emis- 
sion is responsible for enhancement of the sec- 
ondary emission from such surfaces. Although 
the dielectric strength of such thin films is 
not sufficient to give rise to thin-film field 
emission as described by Malter,-^ it is suffi- 
cient to give a field which will materially in- 
crease the emission of secondary electrons from 
the layer. 



11 Loc. cit. 
■'-^ Loc. clt. 



22 



Loc. clt. 
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The term "luminescence" was originally used 
to mean the emission by a substance of visible 
light, whether as the result of excitation by 
some form of energy supplied from a source ex- 
ternal to the substance itself (such as light, 
x-rays, ions, cathode-rays, or mechanical work), 
or as the result of a purely chemical process, 
such as the slow oxidation of phosphorus. This 
definition was logically extended to include the 
emission of ultra-violet and infra-red radiation 
as well; and it is so used today. The lumines- 
cence phenomenon of chief use in electron tubes 
and, therefore, of importance to us is that of 
cathodoluminescence, i.e., the emission of light 
as the result of cathode-ray bombardment. The 
technical requirement of a high vacuum which 
shall endure during the life of the electron de- 
vice necessitates our excluding from considera- 
tion any cathodolumine scent materials which are 
unstable under reduced pressvire at the baking- 
out temperatures required for the economical pro- 
duction of the requisite vacuum. This limitation 
compels us to focus our attention only upon in- 
organic solids of relatively high melting point 
and chemical stability. Experience shows further 
that, although there are glasses which glow under 
electron bombardment, their efficiency as light 
sources is much lower than that of a niunber of 
well-known and readily available crystalline ma- 
terials which are coimnerc ially \isef\jl in vacuum 
tubes. 

Proceeding from the purely technical view- 
point, we come first to discuss the silicates be- 
cause they are efficient light sources, simple 
to produce, and stable dtiring processing and use. 
The patriarch of silicates used in electron de- 
vices is willemite, whose formula is either 
Zn2Si04. (as the general inorganic chemist ?(rites 
it) or 2ZnO'Si02 (written in the terminology of 
the ceramist, who prefers to consider it as a 
compound of two oxides) . Willemite exhibits an 
outstanding characteristic of many lumiphores 
(luminescent materials) : if prepared in the 
crystalline form, with as few impurities as pres- 
ent chemical technique permits tis to do, it re- 
wards our care by refusing to give any \isably in- 
tense luminescence even under vigorous bombard- 
ment. Addition of small amounts of manganese- 
oxide to the ciT-stal structure, in proportions 
from one-tenth to two per cent by weight, causes 
the willemite to produce the brilliant green 
light so commonly seen on tuning Indicators and 
ordinary oscilloscope tubes. The phrase "to the 
crystal structure" is important. It means that 
we cannot take pure zinc silicate, simply grind 
it well with manganese oxide and produce lumines- 
cence; but if we take that mixture and heat it 
to such a temperature that the manganese can ac- 
tually be absorbed into the crystal lattice 



(which begins to occur slowly around 600OC, and 
proceeds rapidly at 900° or higher) , we shall 
obtain the desired effect. The manganese is then 
called an activator. It is characteristic of 
activators that they are required in compara- 
tively small amounts to produce luminescence. 
Manganese is one of the most common activators; 
copper is about as commonly effective; some 
others used in various connections are silver, 
bismuth, chromiian, and various rare earths. 
Copper in willemite produces a blue hue. 

Willemite is a very convenient material to 
manufacture, as it can be prepared by mixing in- 
timately together the various oxides of which it 
is composed (together with a barium compound, 
which is needed to promote secondary emission) 
and firing the mixture to a temperature of 1200^0 
for a period of the order of half an hour. It 
can then be ground in a pebble mill to very small 
size without losing much of its efficiency and 
can be applied by spraying from an ordinary spray 
gtm, either directly from a volatile suspending 
liquid, or in a nitrocellulose binder which is 
burned away at some time during the subsequent 
processing. Willemite, like most oxygen com- 
pounds of its kind, can be heated in air at any 
temperature up to that at which the zinc oxide 
becomes volatile (about UJOC^C) without injury. 

Luminescent screens applied to glass have 
an optimum thickness for any given velocity of 
bombarding electrons. For the conditions imder 
T/hioh our willemite screens are produced and 
used, the optimum thickness corresponds to about 
40 or 4-5 per cent light transmission of the 
sprayed screen. 

The efficiency of an average willemite screen 
is about 2.3 candlepower per watt when it is 
scanned in a 6 ly 8 centimeter pattern (30 by 
10000 cycles) by a focused electron beam of 50 
microamperes at 6 kilovolts. Values of efficiency 
for other screen materials to be mentioned later 
on will be on the basis of these same conditions . 
The variation of light output with voltage and 
current for several screen materials is shown in 
Figs, la, lb, and Ic. From these figures it may 
be seen that the efficiency increases with in- 
creasing voltage, and decreases with increasing 
current . 

A c\irve of the spectral distribution of the 
light emitted by willemite (Fig. 2) makes clear 
why it appears green to the eye. Since this 
color is definitely xinpleasant for television 
reception, it is better to produce a screen hav- 
ing a yellow light output, which more nearly re- 
sembles the yellow light soxirces which by con- 
vention we have come to regard as white. Such 
a silicate can be obtained in a number of ways. 
Fusing the green (alpha) willemite at a tempera- 
ture slightly over 1500° and cooling it under 
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suitable conditions will produce a yellow-lumi- 
nescent substance (beta willemlte) of good effi- 
ciency, and having a spectral distribution char- 
acteristic as shown in Fig. 2. The process of 
fusion, however, is costly because of the high 
temperatures involved, and the final product is 
difficult to remove from the platinum vessel in 
which it has been melted. A simpler way of ob- 
taining a yellow-luminescent material is to re- 
place part of the zinc in alpha willemite by 
beryllium. This results in a displacement of the 
green-willemite emission band toward the longer 
wavelengths as shown in Figs. 3 and 4- This dis- 
placement toward the red can be increased by in- 
creasing any of the following; the proportion of 
beryllium relative to zinc; the proportion of 
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Fig. la 

manganese; the proportion of silica relative to 
the zinc and beryllium oxides (taken together); 
or the firing temperature. 

Zinc-beryllium silicate has the same general 
properties as willemite with the exception that 
its efficiency in candlepower per watt must be 
decreased the more the peak of emission is shifted 
toward the red end of the spectrum away from the 
point of maximum eye sensitivity. It is possible 
to obtain a given color ly using a number of com- 
binations of the variables mentioned above, and 
it is necessary to determine experimentally which 
particular combination is the optimum for the 
color desired. The material knoY«n as phosphor No .3 
used in our television types 1800 and 1801 gives 
a pleasant yellow color. Its spectral distribu- 



tion characteristic is shown in Fig. 5- The effi- 
ciency of phosphor No. 3 is about 1.8 candlepower 
per watt. 

It is also possible to obtain a good yellow 
light by bombarding calciiun silicate, manganese 
activated. Here, however, we come into a diffi- 
culty due to a property we have not yet dis- 
cussed, i.e., phosphorescence or persistence. 
Willemite and its beryllium-substitution deriva- 
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tives have a decay curve in which the energy 
drops to one per cent of its original value in 
roughly one twentieth of a second. Calcivun sili- 
cate takes approximately one-tenth of a second 
to decay, and so television tubes cannot be 
screened with it because moving images would be 
followed by ghostly shadows. 

Yellow highlights and black shadows in a 
picture are better than green and black, but they 
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are definitely less desirable than black and 
white. The observer may not object to white high- 
lights and colored shadows, as in the rotogravure 
supplements, but color in what should be white 
highlights is "agin' nature." To produce a 
white-emitting screen, we can add thoria and zir- 
conia to the zinc-beryllium silicate to increase 
the emission in the bl\ie end of the spectrum 
(Fig. 6). It is possible to obtain a fair white 




SCREEN MLOVOLTS RELATIVE TO CATHODE 

Fig. Ic 

by such means, but the product has an efficiency 
of only 0.5 candlepower per watt. This effi- 
ciency Is too low for use in tubes made according 
to present design criteria. 

For the production of a satisfactory white 
cathode-ray- tube screen, we must turn to another 
class of compounds, the stilphides. If zinc sul- 
phide is prepared by methods involving elaborate 
purifications to remove all traces of heavy 
metals, fluxed with sioi table salts of one of the 
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5 - Spectral energy characteristic of 
phosphor No .3. 
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metals of the alkaline or alkakine-earth groups 
(e.g., 2 per cent of NaCl) , and crystallized at 
an elevated temperature, it will shov a blue 
luminescence which consists of a rather broad 
band. The addition of small amounts of silver 
as an activator will narrow this band and pro- 
duce a definitely deeper blue.l Replacement of 
the zinc by cadmium-^ produces a shift of the 
emission spectrum toward the red, as shown by 
curves Nos.3 and A in Fig. 7. By the use of zinc 
and zinc-cadmium sulphides of suitable blue- and 
yellow-light emission, it is possible to produce 
a mixture which emits white light when bombarded. 
The efficiency of the blue sulphide is somewhat 
over 1 oandlepower per watt; that of the yellow 
zinc-cadmium sulphide has been measured as high 
as 4^.5 in particular instances. Unfortunately, 
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the yellow sulphide is very sensitive to impuri- 
ties and to heat treatment. The color of the 
emitted light may change after mistreatment, and 
the efficiency is almost certain to drop. It is 
customary abroad to use very long exhaust periods 
with low-temperature bakeouts, the process run- 
ning up to a number of hoiirs. This process by our 
standards, is considered as impracticable, and so 
the use of the yellow sulphides is definitely not 
regarded with favor, although the high efficiency 
obtainable under optimum conditions is undeniably 
attractive. The blue-emitting sulphide is much 
less sensitive to processing, and it is possible 
to mix it with yellow-emitting zinc-beryllium 
silicate to produce a satisfactory white screen. 
These screens can be processed by more-or-less 
standard methods, and produce tubes having ordi- 
narily good life. They appear to have distinct 
commei'cial possibilities. 



^ K. Kamm, "Annalen der Physik," Vol. 30, pp. 
333-353; October, 1937. 



It is characteristic of the sulphides that 
they are much more sensitive to grinding than 
are the silicates, probably because their crys- 
tals are normally much larger than those of the 
silicates. Consequently, grinding of the sul- 
phides beyond a certain point involves actual 
destruction of the crystals, while grinding of 
the silicates involves simply a separation of 
the crystals without destmiction. For this rea- 
son it is necessary to crystallize the sulphides 
at comparatively low temperatures to insure that 
their crystal sizes will be small when they are 
to be mixed with silicates; otherwise, the dif- 
ference in particle size will cause the two ma- 
terials to segregate during spraying and produce 
a dappled screen. 

This tendency of the sulphides to form coarse 
crystals, and the difficulty of grinding them 
satisfactorily led to the use of binders to hold 
them to the glass bulb walls. The alkali sili- 
cates, borates, and phosphoric acid were \ised 
for this purpose. They tend to be very hygro- 
scopic and, if not completely freed from water 
during the exhatist process, they impair tube life. 
Even if the amount of vapor released should not 
be great enoiigh to impair seriously the cathode 
surface, the presence of gas in the tube permits 
the screen to be bombarded with negative ions 
which produce a dark spot on the screen when 
magnetic deflection is used. The sulphides ap- 
pear to be somewhat more sensitive than the sili- 
cates to damage from this source. 

Characteristic curves of the phosphorescent 
decay of zinc sulphide and willemite are shown 
in Figs. 8a and 8b, respectively. The long per- 
sistence shown for the sulphide phosphor does 
not appear in the sulphides discussed above; the 
latter have a rapid decay to a low level, and 
any phosphorescence of long dtiration is of such 
low intensity as to be negligible. The silicates 
and silicate derivatives have a decay character- 
istic which is peculiarly well suited to televi- 
sion work, in that the intensity decreases fairly 
slowly in a way which tends to minimize flicker 
and ocular fatigue. The rapid decay from a high 
initial level which is shown by the sulphides 
tends to be tiresome during long periods of ob- 
servation. The mixed silicate-sulphide screen 
usually has enough "carry-over" from the sili- 
cate component to prevent this effect. 

A long-continuing phosphorescence in zinc 
siilphide may be produced by the presence of cop- 
per activator (in the proportion of about 10-°) 
and the use of fluxes. When zinc sulphide is 
thtis processed, a highly phosphorescent material 
is obtained. It is useful as a screen for the 
temporary recording of slow phenomena which re- 
quire several seconds for their completion. The 
trace, which remains visible for a minute or 
more, presents a complete picture of the whole 
set of events. To excite the screen to its maxi- 
mum phosphorescence requires the application of 
a certain amount of energy; if the beam is passed 
very rapidly over the screen, very little phos- 



55 



Vacuum Tube Design 



phorescence will be excited. ^ This type of 
screen is thus well suited for use in audio- 
frequency curve tracers, electrocardiographs, and 
similar instruments, but is not to be applied as 
a means of recording very high-speed phenomena, 
such as waves on transmission lines or switching 
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Fig. 8a - Persistence characteristic of 
zinc sulphide phosphor No. 2. 
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8b - Persistence characteristic of 
willemite phosphor No.l. 



transients. The long-persistence sulphide is 
easily excited to phosphorescence by visible 
light, such as is produced by an ordinary in- 
candescent lamp; but infra-red radiation, which 
can be obtained from a low-temperature carbon 
lamp enclosed in an infra-red transmitting bulb 
which does not pass visible light, will quench 
the phosphorescence. Such a lamp is a convenient 



accessory to wipe off traces of phenomena pre- 
viously observed, or to destroy background phos- 
phorescence which may exist if the cathode-ray 
tube has been exposed to light just before it is 
to be used. 

Calcium tungstate is a material which is 
useful because of its exceedingly short persist- 
ence (less than 30 microseconds). It is similar 
to the silicates in its ability to withstand 
heat treatment during processing and in general 
stability. It is probably unactivated and liimi- 
nesces best when it ds purest (although Swindells^ 
has found that it must be lead-activated for 
x-ray work) . It may be prepared conveniently by 
precipitation from a solution of a soluble tung- 
state, such as sodium, tungstate. The precipi- 
tate, because of the extreme insolubility of the 
calcium tungstate, is not crystalline and is not 
appreciably liaminescent. It may be crystallized 
by firing at a high temperature (lOOOOC or higher) 
and then shows an emission which appears blue to 
the eye, and actually extends out into the ultra- 
violet (Fig. 9) ■ Its energy efficiency is good, 
but because it emits in a region where the eye 
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Fig. 9 - Spectral energy charac- 
teristic of phosphor No. 5. 

is very insensitive, its luminous efficiency is 
only about 0.1 candlepower per watt under ordi- 
nary operating conditions. Because commercial 
photographic film is very sensitive to blue and 
near ultra-violet light, traces en a oalcium-tung- 
state screen maybe photographed very well. Since 
the persistence is so short, the beam may be de- 
flected in one direction only, and the time axis 
may be supplied by moving the recording film in a 
direction at right angles to the motion of the 
trace. 

The three types of materials, i.e., sili- 
cates, sulphides, and timgstates, are the chief 
ones used for cathode-ray tubes at the present 
time. They can all be excited to some extent by 



2 M. von Ardenne, "Zeitschrift fiir Physik," Vol. 
105, pp. 193-201; 1937. 



F. E. Swindells, "Limine scenes of Alkaline 



Earth Tungstates Containing Lead," Jour. 
Vol. 23, p. 129; April, 1933- 



O.S.A., 
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ultra-violet emission of suitable wavelength, 
which may in partictilar Instances be very short. 
In general, the optimum amount of activator for 
cathode-ray excitation is not identical with the 
optimum for ultra-violet excitation. The best 
method of preparation may differ for each. At 
the present time, there is a great deal of in- 
terest in the possibilities of fluorescent lin- 
ings for gas-discharge lamps, in which very large 
amounts of ultra-violet light are produced. The 
literature on luminescence excited by ultra- 
violet light is much more voluminous and complete 
than that on the luminescence excited by cathode 
rays, paxtly because the technique of production 
of ultra-violet light is somewhat older. No at- 
tempt will be made here to cover this field; a 
very comprehensive survey may be found in the ap- 
propriate volumes of the "Handbuch der Experi- 
mentalphysik" and of the "Handbuch der Physik." 

Candoluminescence is best exemplified by the 
ordinary Welsbach gas mantle in which a thorium- 
oxide base containing a small amount of cerium 
oxide is caused to emit light by being heated in 
a gas flame to a temperature which, while far 
above room temperature, is believed to be below 
that at which a black body would emit similar 
light. This phenomenon is not well understood. 
It has been found that if a sufficiently porous 
thorium-oxide body is prepared, it may be brought 
to incandescence in vacuo by the heating effect 
of an electron beam. To produce this effect, no 
cerium-oxide addition is required. This phe- 
nomenon appears to be a case of simple incan- 
descence, and not of so-called candoluminescence 
The minimum energy input to produce light emis- 
sion from bodies sufficiently dense not to sinter 
under bombardment is greater than cathodolumi- 
nescent Eiaterials can receive without undergoing 
decomposition. One difficulty in the prepara- 
tion of such a screen is the comparative fra- 
gility of a sufficiently porous mass. If the 
mass is not porous, heat is lost by conduction 



to the adjacent portions of the screen to such 
an extent that the beam intensities at present 
available do not suffice to produce the requi- 
site temperature. 
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Lecture 6 

CONTACT POTENTIAL, PUMPS, AND GETTERS 

E. A. Lederer 



Part I - Contact Potential 

The justification for the existence of contact 
potential has already been discussed in Lecture 
1. In that lecture we expressed contact po- 
tential in terms of the characteristic barrier 
action on the surface of metals which tends to 
prevent the egress of all but a few very fast 
electrons from a metal. 

In order to convince ourselves that contact 
electromotive force or contact potential exists, 
we need not use any mathematics. Let us assume 
that two dissimilar metals A and B (Fig. 1) are 
joined at one place, are surrounded by a common 
vacuum, and are maintained at such temperature 
that both metals become electron emissive. In 
order to satisfy this latter condition, it is 
only necessary that the temperature of the system 
be slightly higher than absolute zero. Room 
temperature, for example, may siifficeto dislodge 
a few electrons per unit time from each of the 
two metals. 




Fig. 1 



Theory and experimental evidence lead to the 
following relation for contact potential (V) : 

V = V'l - V/2 + P 

The quantity P in the formula expresses the so- 
called Peltier effect and is a heat loss produced 
by the passage of current through the junction 
of the two dissimilar metals (Fig. 1) . However, 
the magnitTode of this effect is of an entirely 
different order than that of i^i or i//2> ^ fact, 
it is so small that we are justified in neglect- 
ing it. We have become aware that minute surface 
contaminations exert a profound influence upon 
the work function and we, therefore, conclude 
that the contact potential is similarly affected. 
Our conclusion is indeed justified. From past 
experience we know that an oxide-coated cathode, 
for example, loses barium metal during activation 
and during life. The barium metal given off by 
the cathode condenses on the other tube electrodes 
which are cooler than the cathode. When the 
contact-potential difference between cathode and 
control grid is measured, it is not astonishing 
to find large variations which may amount to 
changes of 1 to 2 volts. These changes affect 
the actual grid bias of the tube and thereby 
interfere with its operation. 

If we wish to measure contact-potential differ- 
ences between cathode and control grid, we make 
use of the simple circuit given in Fig. 2. By 
means of the potentiometer P, a positive or neg- 
ative potential Ej., with respect to the indirect- 
ly heated cathode. Can be impressed on the con- 
trol grid, and the grid current can be measured 



Let us denote the work function, or the latent 
heat of electron evaporation, of metal A by y^^ 
and that of metal B by i/''2J ^^"^ let us assume that 
V'l ** "^2" Then, at a temperature conducive to 
electron emission, the electron current emerging 
from B and flowing through the gap to A would be 
larger than the electron current emerging from A 
and arriving at B. The net result would be an 
uncompensated electron current flowing continu- 
ously through the system. In other words, we would 
obtain electric power for nothing. This condi- 
tion, as we know, is incompatible with the second 
law of thermodynamics. The electron currents re- 
ceived and emitted by A and B must be exactly 
equal. The reason for this equality is found in 
the difference of potential between the two met- 
als at the gap. It is well to remember that the 
potential difference is sustained by the egress 
of electrons from both metals, and that the metal 
loosing more electrons in unit time by reason of 
its lower work function, will become positive 
with respect to the other metal. 
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Fig. 2 

with the microammeter . The measurement becomes 
more difficult with a filamentary cathode because 
of the voltage drop along the filament. In order 
to carry out the measurement with a filamentary 
cathode, a rotary commutator is used to advantage. 
It interrupts the power supplied to the filament 
during the moment the grid circuit, as shown in 
Fig. 2, is connected to one end of the filament. 
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With no power supplied to the filament the poten- 
tial between it and the grid is not affected by 
a voltage drop. By means of the rotary commuta- 
tor it is possible to maintain the filament at 
the desired temperature and to carry out instan- 
taneous measurements as if the former were a uni- 
potential cathode. It is evident that the fre- 
quency of commutation must increase with decreas- 
ing heat capacity (mass) of the filament. 

If the electrons were to emerge from the emit- 
ter with no initial velocity, the current in the 
grid (collector) circuit would be zero at zero 
grid potential, or with Er = applied between 
cathode and grid. We knov/, however, that the 
emitted electrons emerge with initial velocities 
ranging between zero and a certain maximum veloc- 
ity, the magnitude of which depends upon the 
temperattire of the emitter. The result is that 
electrons can reach the grid or collector even 
when the grid is maintained at a negative or re- 
tarding potential E^ with respect to the cathode . 
We also know that the emitted electrons conform 
with Maxwell's velocity distribution (most prob- 
able distribution) . The fraction n/ug of the 
electrons capable of moving against a retarding 
potential Ej. is given hy Boltzmann's equation: 



n 

He 



= e 



r 
kT 



(1) 



In this equation Ug is the total number of emit- 
ted electrons, E^ the retarding potential, e. the 
electronic charge, k the Boltzmann constant, T 
the temperature of the emitter in degrees K, and 
e the base of the natural logarithms. Since a 
number of electrons per unit time flowing past a 
given point constitutes an electric current, 
equation (1) can be expressed by 



kT 



(2) 



where I is the current to the collector with re- 
tarding potential Ej. applied, and Ig Is the satu- 
ration CTorrent at the temperature T in °K. 

Taking the logarithm of equation (2) and plot- 
ting log^^gl against retarding potential Ep, we 
obtain a line ABCD as shown in Fig. 3- From A to 
B the line is straight and has a slope with re- 
spect to the Ej. axis expressed by 



e 

kT 



^ ^°^io' 



The bend BC in the line occtirs when I becomes 
nearly equal to Ig. Beyond the point C, all of 
the electrons emitted by the cathode are inter- 
cepted by the collector. If we extend both 
straight portions of the line beyond the curved 
section BC, they meet at S. Point S is at zero 



retarding potential if no potential other than 
Ej. is acting. If a contact-potential difference 
exists between cathode and collector, the slop- 
ing section AB is displaced parallel to its former 
position, for example into position A'B' . The 
horizontal displacement along the E^ axis is a 
measure cf the existing contact-potential dif f er- 
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Fig. 3 

The practical application of contact-potential 
measurements are important to the design engineer 
and the factory engineer because by such measure- 
ments changes in the surface conditions of grids 
can be determined. Furthermore, since the ini- 
tial velocities of the emitted electrons are a 
function of the brightness temfierature of the 
coating, and since the core material affects the 
brightness temperature, it follows that the core 
material affects the contact potential. 

The curves of Fig. U show a practical appli- 
cation of measurements of retarding potentials. 
Retarding potentials are plotted against cathode 
brightness temperature. The tube under observa- 
tion was a 6K7 using batalum getter and bright 
nickel plates. One object of the investigation 
was to determine what happened to the retarding 
potential during aging, and another was to deter- 
mine whether or not barium from the getter acti- 
vated the cathode. 

Curve 1 shows measurements taken on the 6K7 
before the getter was flashed. As a result, the 
presence of gas and the unstable condition of the 
cathode were suspected of affecting the readings. 
Curve 2 was taken after getter flashing. The gas 
current taken ty the conventional method was less 
than 1 X 10—7 amperes. Curve 3 was taken after 
subjecting the cathode to a 220 per cent over- 
voltage heating (hot shot) of 1 minute; curve /^, 
after the same oveirvoltage for 2 minutes; and 
curve 5, after the same overvoltage for 3 minutes. 
The shift in these curves is considered to be 
due to the grid becoming progressively more elec- 
tropositive as barium metal from the cathode was 
evaporated onto it. The very slight effect of 
additional hot shots after the initial one-minute 
cathode treatment indicates that enough barium 
was obtained for almost complete grid coverage 
in that time. The fact that only barium metal 
evaporates from an oxide-coated cathode has been 
mentioned in the section on oxide— coated cathodes. 

In order that gas contamination of the other 
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electrodes might be stvidied, gas was released in 
the 6K7 hy the following procedure. The cathode 
was maintained at llOOOK, grid No.l was allowed 
to float, and a positive potential sufficient to 
give a cathode current of /4-0 milliamperes for 3 
minutes was applied to the other electrodes. After 
this treatment, curve 6 was taJien. It indicates 
that barivmi metal was removed from grid No.l by 
chemical combination with the gas previously- 
liberated . 

From this description and the curves of Fig. 4-, 
we can make the following deductions: (1) no ba- 
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rium metal from the getter reaches the cathode 
or the No.l grid; (2) a hot shot of one minute 
furnishes enough barium metal from the cathode 
to coat grid No.l at least with a monatomic lay- 
er; (3) successive additional hot shots merely 
produce more barium metal which may even out bare 
spots in the already existing barium layer on 
grid No.l; and (4.) considerable gas is produced 
when heating or bombarding the electrodes, other 
than grid No.l. Althpugh the nature of the gas is 
not known, we do know that it combines with barium 
metal and very probably is CO and H2. 

The investigation of retarding potentials was 
continued by making measiirements on a 6K7-G taken 
from stock. This tube had been aged previous to 
the measurements. The results of these measure- 
ments are shown in Fig. 5« It will be noted that 
all curves are practica3J.y straight and the slope 
appears almost constant. At first, the constancy 
of the slope and the straightness of the lines 
were siirprising. However, the explanation of 
these facts rests again on equation (2), i.e., 
the relation between initial velocities and cath- 
ode temperatiire . After changing to common loga- 
rithms and substituting numerical values for 
Boltzmann's constant, the electronic charge, and 
changing from e.s.u. to volts, we can reTixite 
equation (2) as 



E, 



log — = - 5050 
i„ 



(2a) 



Fig. A 



In the equation, ± is the collector or grid cur- 
rent (see Fig. 2) at the retarding potential Ey, 
and ig is the saturation current which the cath- 
ode is capable of delivering at temperature T°K. 
From measvo'eraents taken on a 6K7 tube, using 
an oxide-coated cathode with an emitting area of 
0.718 sq cm, and determining Ep for i fixed ar- 
bitrarily at 5.0 X 10"? amperes, we obtain the 
data in Table I. 
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^°^10U 


AEi./l00°C 


Ok 


amperes 


amperes 


volts 


^s 






1000 


48.8 


5.0 X 10-7 


1.780 


1.024 X 10"^ 
1.16 X 10"''' 


2.010 - 10 


-0.367 


900 


4.31 


It 


1.413 


3.065 - 10 
















-0.347 


800 


0.269 


It 


1.066 


1.86 X 10-6 


4.270 - 10 


-0.352 


700 


7.18 X 10-3 
39.5 X 10-^ 


ft 


0.714 


6.96 X 10-5 


5.843 - 10 


-0.368 


600 


n 


0.346 


1.265 X 10-2 


8.102 - 10 





* Cathode temperature was measin-ed In the middle Average = -0.359 
of the cathode, i.e., at its hottest part. 

(Brightness temperature is used In both the calciilated and measured val- 
ues of the slope of the lines.) 
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From Table I we get the slope of the lines 
of Fig. 5 expressed in aEi./100°C and from the 
constancy of this value, barring experimental 
errors, we have proof that the lines are straight 
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Fig. 5 

over the charted range. It should be remembered, 
however, that AEy/lOOOC is limited to the partic- 
ular electrode dimensions and that brightness 
temperattire was used for convenience while for 
a rigorous determination of AEp/lOO'-'C, tnie tem- 
perature should have been used. 
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Part II - Vacuum Pumps, Vacuum Measure- 
ments, and Vacuum Technique 

INTRODUCTION 

Reviewing briefly the historical development 
of vacuum pximps will lead logically to a classi- 
fication of pumps with respect to their principle 
of operation. The first vacuum pump, invented by 
Otto von Guericke ( 1602-1686) was a mechanical 
pump of the piston type. While this invention 
was scientifically of far-reaching importance, 
it remained practically unused for more than 100 
years. The first practical use of the piston 
pump was made by James Watt (1736-1819) who im- 
proved it considerably. Watt used the pump to 
exhaust steam condensers by means of which he im- 
proved the efficiency of his steam engine. 

Toward the middle of the past century after 
the scientific world received stimulation by the 
discoveries of Faraday, the need for better vaciia 
became very important. Realizing that mechanical 
piston pumps could not be improved much further, 
Toepler and Geissler, Independently cf each other, 
substituted for the fabricated piston one made of 
mercury. In this simple manner, an absolutely 
vacuum-tight piston was made available; and fur- 
thermore, it did not require lubrication. Pumps 
of this type not only made possible the discovery 
of cathode rays, canal rays, and x-rays, but also 
made possible the beginning of the incandescent 
lamp industry. As it grew, it constantly demanded 
better and faster pumps. A notable improvement 
of the mercury piston p\imp was made by Gaede 
in 1905, and can be designated as a rotary mer- 
cxay piston pimp. It has found extensive use in 
the lamp industry. The rotary oil pump is also a 
piston pump but of improved design and is familiar 
to us as the "Cenco" pump or the "Kinney" pump. 

The most fimdamental advances in pump design 
are of rather recent origin. In these, the pis- 
ton principle is abandoned altogether and advan- 
tage is taken of the properties of gases as re- 
vealed by the kinetic theory. The new principle 
of operation is typified by two kinds of high 
vacuum pumps, which are: (1) the rotary molecular 
pvaa-p (Gaede) ; and (2) the mercury diffusion pump 
(Langmuir). Altho\igh different in their mechanism, 
both types must be backed up by a fore vacuum 
which even today is produced by oil-lubricated 
piston pumps. 

THE ROTARY MOLECULAR PUMP 
We consider a gas as an assembly of a large 
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number of very small but perfectly elastic par- 
ticles in random motion. They collide with each 
other and impact upon and rebound from the walls 
of the gas container. If V denotes the volume 
of the container, n the number of the particles, 
m the mass of one particle, £ the mean velocity 
of the particles, and p the gas pressure per cm2, 
then 



nmc 



3V 



If one of the boundaries of the vessel is given 
a translatory motion in its own plane, all the 
gas molecules rebounding from that boundary will 
receive a velocity component parallel to the vel- 
ocity of the boimdary. Consider a channel of 
length L and height h in a solid wall as shown 
in Fig. 6, and denote by c. the velocity of the 




Fig. 6 

moving boimdairy, and by v the viscosity of the 
gas. The difference ii pressure Ap, between a and 
b as measured by the manometer M is given by: 



AP 



6vcL 



We note at a glance that the longer we make L and 
the larger we make jo, the greater the difference 
in pressure. While Gaede was the inventor of the 
molecular pump, Holweck improved this pianp con- 
siderably so that it could be used commercially 
for extousting demountable high-power trans- 
mitting tubes. The Holweck pump is shown schem- 
atically in Fig. 7. 

The diameter of the revolving brass cylinder 
is 15 cm, its length is 22 cm, and the clearing 
between cylinder and housing is approximately 
0.001". The cylinder revolves at a speed of 4000 
to 4.500 rpm. The pump can lower the pressure in 
a 5-liter vessel from 0.1 mm to 0.001 mm in 10 
seconds. The power input to the motor when the 
fore vacuum has been established is only 10 watts . 
One great advantage of the pump is that no liq- 
uid-air trap is reqviired. One of these pumps was 
connected to the last two positions (previous to 
tipping off on an old 24.-head exhaust machine 



and operated for over one-half year without any 
maintenance. A disadvantage of the Holweck pump 
is that it is expensive. Perhaps someone will 
design an equally good but less expensive pump. 




Fig. 7 - Holweck' s molecular pump. 
(From Coinptes Rendus, Vol. 177, p. 44; 1923) 

THE MERCDRY DIFFUSION FDMP 

Consider a porous plug P, a trap T, and a res- 
ervoir V, as shown in Fig. 8. When steam is blown 
through the tube S, it will diffuse through Pinto 
T and V, while any gas contained in T and V will 
diffuse simultaneously through P into S and be 
carried away. Therefore, the concentration of gas 
in T and V will decrease with time while the 
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Fig. S 



concentration of steam will increase. If, then, 
we cool T so as to freeze out the steam, V will 
be eventually exhausted. It is apparent that the 
action of such a diffusion pump is slow. It oc- 
curred to Langmuir that the important feature was 
not the porotis plug, but the condensation of the 
steam. Langmuir 's condensation pump is shown 
schematically in Fig. 9. 

Mercury vapor moves in the direction of the 
arrow through A into a wider tube B surrounded by 
a cooling jacket J. At atmospheric pressure, mer- 
cury molecules emerging from A would co3J.ide with 
gas molecules in B and mercury vapor would there- 
fore diffuse into the vessel V. No such diffu- 
sion will take place if the mean free path of the 



62 



Lederer: Contact Potential . Pumps, and Getters 



molecules of merciiry vapor is great as compared 
to the dimension of the annular space between A 
and B, for then the molecules leaving A will 
travel in straight lines until they strike the 
wall B and condense there. The necessary condi- 
tions can easily be established by connecting B 
to a fore vacuum. Thus, a downward stream of fast- 
moving mercury atoms is established throughout A 



/ 



mw^' 






B 




Pi 



Fig. 



9 - Langmuir's condensation 
pump (scheniatic) . 



Apiezon oil, dibutyl-phthallate, and etlqrl-hexyl- 
phthallate, having a low vapor pressure at room 
temperature, were found which could be used as a 
substitute for the mercury vapor. While mercury 
diffusion, or condensation pumps as they are fre- 
quently called, require a liquid-air trap between 
the pxmip and the vessel which is to be exhausted, 
oil-condensation pumps operate satisfactorily us- 
ing a water-cooled trap and for highest vacuum 
can be made self -fractionating. ■'■ Modifications of 
the condensation pump are numerous and develop- 
ment work is still in progress. 

It has been foimd that the speed of these 
modem pumps can be made as great as desired up 
to several himdred liters per second, the only 
precaution being that for the highest speeds the 
fore-pump pressure must be correspondingly de- 
creased. The upper limit to the practical speed^ 
is set by the dimensions of the connecting tubing. 

COMPARISON OF POMPS 

The infonnation in Table II is presented to 





Table 


II 






Type 
of Pump 


Input 
Watts 


Fore 

Vacuum 

Required 

mm of Hg 


Vacuum 
Attained 

mm of Hg 


Exhaust 
Speed 

Liters/sec . 


1. Merctuy 

with liquid-air trap: 

G. E. Metal 

Glass (RCA make)- 
1 jet -long diverg- 
ent nozale^ 

2. Ethyl-Hexyl-Phthallate 
with water-cooled trap: 

Glass - 3 jet- 
fractionating 

Metal - 3 jet- 
fractionating 

3- Holweck Rotary 
Molecular 


365 
100 

175 
300 

100 
(motor) 


A. 

0.0;^ 

0.04.* 
0.10 

15. 


4 X 10-'7 

1 X 10"'^ 

5 X 10-3 

2 X 10""^ 

7 X 10-'^ 


3 

50* 

15 
240 

A.5 



* Estimated 



and B, and gas molecules diffusing from V into 
this stream suffer collisions with the mercury 
atoms and receive a velocity component which 
carries them downward and prevents their return. 
They are then removed by the fore pump. 

Because this type of pump has no moving parts, 
and since it can be built of glass or metal, it 
is now widely used in vacuum technique. In re- 
cent years, suitable organic compounds, such as 



K. C. D. Hickman, "Trends in Design of Frac- 
tionating Pumps," Jour, of Applied Physics, Vol. 
2, No. 5, pp. 303-313; May, 1940. 

2 T. E. Phipps, H. M. Tenney, 0. C. Simpson, and 
M. J. Copley, "A Study of the Speed of Divergent 
Nozzle Puraps," Review of Scientific Instruments, 
Vol. 6, pp. 265-267; 1935. 
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indicate the general operating characteristics 
of some available diffusion pumps, and of the 
older Holweck pump. 

SPEED OF EXHAUST 

The rate at which a given vessel can be ex- 
hausted depends on the diameter d of the connect- 
ing tubing, its length L, the difference in pres- 
sure between that in the vessel P2 and that at 
the pump end of the tubing pj, and on the molec- 
ular weight m of the gas. The quantit7 of gas q 
in cubic centimeters at 1 bar pressiire which can 
be exhausted per second, is given by 



T d^ 
3809./ (P2 - Pi) 



where d and L are expressed 
and P2 in bars, and T in °K. 



in centimeters, p^^ 



VACUUM MEASUREMMTS 

le have not been able to produce an absolute 
vacuum. By means of vacuxan pumps, we can only at- 
tenviate the gas in a container and approach a 
certain limit. It is not convenient to measure 
low gas pressures in fractions of an atmosphere. 
Instead, we measure them in terms of another laiit 
called the "bar" which is equal to a pressure of 
one dyne per sq cm. The bar is sometimes called 
the "barye" or the "microbar." While the bar is 
the scientific unit of pressure, we often speak 
of gas pressure in terms of the height of the 
liquid column it will support. The liquid usually 
used is mercury and so we indicate pressures in 
centimeters, millimeters, or microns (thousandths 
of a millimeter) of mercury. A conversion table 
follows: 

1 micron = 1.342 bars 

1 mm Hg = 1342 bars 

750 mm Hg = 1006500 bars 

The micron is extensively used because certain 
manometers are conveniently calibrated in terms 
of millimeters of mercury pressure. 

In order to gain some conception of a pressure 
of one micron, let us consider the following case. 
A gram atom of any gas at O^C and 750 mm pressure 
takes up a volume of 22.4 liters, or it can be 
accommodated in a sphere approximately one foot in 
diameter. There are 6. 06 x 10^3 molecules in a 
gram atom or 2.7 x lO-'-' molecules per cu cm. If 
this sphere were expanded to a diameter of 100 
feet, the pressure would be approximately one 
micron and there would be 2.7 x ICT^^ molecules 
per cu cm. A pressure of 10~^ microns (10~" mm) 
can be easily reached with modem vacuum pumps 
and at this pressure a molecule of air would on 
the average travel a distance of approximately 
250 feet before meeting another molecule. 



MANOMETERS 

Many manometers for measuring low pressures 
have been designed. There is one, the "MoLeod 
gauge," with which the gas pressure can be derived 
from simple measurements of volumes and dimen- 
sions. Others make use of some properties of 
gases which vary with the number of molecules per 
unit volume but these manometers must be cali- 
brated by comparison with another manometer, usu- 
ally a McLeod gauge. 

1. The McLeod Gauge 

The McLeod gauge is by far the simplest 
manometer and depends on the applicability of 
Boyle's law. It consists of a glass vessel of 
volxime Vq to which is attached a glass tube C of 
small inside diameter, as shown in Fig. 10. The 




Fig. 10 - The McLeod Gauge. 

glass vessel is connected as shown to a mercury 
reservoir R, and also at P to the system in which 
the pressure is to be determined. If we let V 
equal the volume of gas in C plus that in the 
vessel above the dotted line A, and X equal the 
unknown pressure in the device, we have: 

X V = constant 

Raising the reservoir R causes the mercury to as- 
cend in tube t, and when it has reached line A, 
the volume of gas (V) is trapped in the vessel 
and tube by the mercury. On raising R further, 
the gas is finally compressed into the small vol- 
ume a at the top of G under a pressure h, the 
difference between the mercury level in C and t. 
Knowing the diameter of C, we can easily deter- 
mine V, and h can be read with a scale. There- 
fore, 

a h = constant = X V 

and the gas pressure in the system is 

a h 



X = 
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In order that low pressures may be read with 
the McLeod gatige, C is a capillary tube. Then, 
to eliminate errors in the reading of h, t has 
to be made with the same inside diameter as C. 
But with this arrangement, the speed of exhaust- 
ing the gauge is out down. Therefore, another 
capillary tube C2 is attached to t, as shown 
by the dotted lines • Pressure h is then indicated 
by the difference between the mercury level in C 
and C2. 

The McLeod gauge is very satisfactory for 
non-condenslble gases. The introduction of water 
or oil vapors, however, will cause great errors. 
Therefore, the gatige should be so arranged as to 
permit a thorovigh bakeout from time to time . Fur- 
thermore, a liquid-air trap should be inserted 
between gauge and vacuum system. The gauge is 
calibrated by "weighing it out" with meroiiry. 
From the weight of the mercury and its density 
at the temperature during calibration, the volume 
of Vq and that of C is computed. Due to irreg- 
ularities in the diameter of capillary tubing, it 
is worth while to determine its average diameter 
by measuring the length of a mercury column at 
different places along the entire length of C. 
Co and C should be made from the same piece of 
tubing. Before calibration, the gauge is thor- 
oughly washed with chromic acid, then with dis- 
tilled water, and dried in an oven. It shotild 
be remembered that a dirty McLeod gauge is worth- 
less. 

2. The Pirani Ga\ige 

Suppose a wire is heated in a gas-filled 
envelope by passing an electric current through 
it. After temperature equilibrium is reached, 
the heat loss of the wire is due to radiation and 
to convection through the gas. At low wire temp- 
eratures, most of the heat loss is due to convec- 
tion. Suppose, now, that the envelope is connec- 
ted to a vacuum pump. As the gas surrounding the 
wire is pumped out, the heat loss decreases and 
the temperature of the wire increases. The wire 
temperature can be determined by measuring its 
electrical resistance. The foregoing is a simple 
explanation of the "Pirani gauge," the electrical 
diagram of which is shown in Fig. 11. 




Fig. 11 - Electrical diagram 
of the Pirani gauge. 

The Pirani tube P which is attached to the 
vacuum system contains along, fine platinum wire 
or ribbon and f onus one arm in a Wheatstone bridge . 
R is a resistance equal to that of the wire in 



the tube with high vacuum under the conditions 
of operation. S is a slide wire, and G is a gal- 
vanometer. The o\irrent flowing through P and R 
heats the platinum wire to about 300^0. In order 
to make the arrangement less sensitive to changes 
of room temperature, R can be replaced ty an ex- 
hausted tube identical with P. In this case, it 
is also advisable to arrange both tubes close to- 
gether and immerse them in a bath of constant 
temperature . 

The gauge can be made very sensitive to 
small pressure changes but its useful range is 
not very large. For example, a gauge which per- 
mits measvirements by large galvanometer deflec- 
tions between landlJO microns, has very rapidly 
decreasing sensitivity as the pressure is in- 
creased above 150 microns. An advantage of the 
Pirani gauge is that its continuous indications 
show rapid changes of pressure. This feature is 
not found in the McLeod gauge which only permits 
pressxu-e checks from time to time. A disadvan- 
tage of the Pirani gauge is that it must be cal- 
ibrated against a McLeod gauge for every gas. 
Thus, accurate measurements with a Pirani gauge 
require a knowledge of the gas present in the 
system. 

3. The Ionization Gauge 

An extremely sensitive gauge for measxu-ing 
the lowest pressures is the ionization gauge. 
It has the limitation given above for the Pirani 
gauge but its simplicity and sensitivity make 
it a very useful instrument. It consists of a 
triode ( preferably one with a cylindral plate and 
a pure tungsten filament) sealed onto the vacuum 
system. There are two methods of using this 
gauge . 

In method A, the grid is maintained at a neg- 
ative bias, while the plate is at a positive po- 
tential. Positive ions produced by collision be- 
tween electrons and gas molecules are collected 
by the grid. The ratio of grid ciu-rent I^ to 
plate current I^ is proportional to the gas pres- 
sure. Let us consider a specific case. Assume 
that the triode has a cylindrical plate with a 
diameter of 1 cm, and that the ratio of lo/lb ~ 
1/1000. This ratio indicates that among 1000 
electrons collected by the plate only one elec- 
tron impinges upon a gas molecule; and that the 
mean free path of the electrons is 1000 times as 
large as the actually covered distance, which ac- 
cording to our assumption is 1/2 cm. The mean 
free path at atmospheric pressure is about 10~5 
cm and increases proportionally with decreasing 
pressure. Thus, a mean free path of 1000 x 1/2 
cm corresponds roughly to a pressure of 2 x 10~^ 
atmospheres or 1.5 x 10~5 nmi. 

An empirical formula for use in determining 
press\ire with the ionization gauge has been eval— 
Toated by Moeller, and is as follows: 

p = K — d 

lb 
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in which p is the pressure, K is a constant, and 
d is the grid to plate distance. 

Method B is still more sensitive than method 
A. In method B, a positive potential is applied 
to the grid, while a negative bias is applied 
to the plate. This arrangement is similar to 
that used for production of Barkhausen-Kurz os- 
cillations. The better sensitivity may be due 
to the fact that electrons oscillate around the 
grid and thereby increase the probability of ion- 
ization. With method B it is impossible to esti- 
mate the magnittaie of the gas pressure from the 
ratio Ig/lb. 

Calibration of ionization gauges for every 
particular gas with a given tube electrode ar- 
rangement should be made with a McLeod gauge and 
the values 80 determined can then be extrapolated 
to lower pressures. See curves in Fig. 12. 




Fig. 12 



There are still other vacuum gauges like the 
quartz-fibre gauge, the Kundson gauge, and the 
thermocouple gauge, but their use is limited to 
laboratoiy measurements because they require spe- 
cial precautions or they do not offer any par- 
ticiolar advantages over the gauges previously 
described. 

In all vacuum work there is one rule which 
can not be disregarded or failure will result. 
The rule is, "Cleanliness is next to godliness." 
We have already discussed how to clean a McLeod 
gauge. The same rules apply to the cleaning of 
all vacuum apparatus. Rubber connections and wax 
seals should only be used where absolutely nec- 
essary. Stopcocks should be used sparingly and 
great care must be exercised in the selection of 
the stopcock lubricant. Rubber tubing as used 
for McLeod gaiiges should be boiled for hours in 
caustic soda, scrubbed Inside vfith a brush to 
remove sulfur dust and talcum, rinsed with vmter, 
and dried with air. Rubber tubing to be used on 
a vacuum system should not come in contact with 
carbon tetrachloride, alcohol, ether, or oil. An 
exception to this rule is found in the permiss- 
ible use of castor oil when it is applied spar- 
ingly to exhaust ports. Our practice of mamxfac- 
turing tubes on machines using rubber connections 
is feasible only because we do the final exhaust, 
after sealing off, with the getter. 
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Part III - Getters 

INTRODUCTION MD HISTORY 

The term "getter" was coined years ago, prob- 
ably by engineers of the Edison Lamp Works for- 
merly located here at Harrison. A getter is a 
chemical pump arranged in a vacuum or gas-dis- 
charge device for the purpose of removing unde- 
sirable gas residues. In radio receiving tubes 
we use getters in order to reduce gas residues 
initially to a tolerable level. This function of 
the getter we have already mentioned in connection 
with speed of exhaust. Further, we wish to main- 
tain a low gas pressure during the useful life of 
the tube and so the getter must resume the func- 
tion of removing gases as soon as they are lib- 
erated from the electrodes or from the envelope. 
Because of this second function, certain getters 
are also referred to as "keepers." Sometimes 
the word "getter" is given a wider meaning and is 
then used to designate those substances intro- 
duced into tubes by the common getter technique, 
but intended for other purposes than gettering. 
An example is the use of caesium metal in photo- 
tubes. 

A getter is chemically a highly active mate- 
rial and combines rapidly with gases. Because of 
this very essential quality, it is necessary to 
protect the getter in some way when fastening it 
to the mount before the sealing and the evacua- 
ting operation. The protected getter, is, of 
course, inactive and is properly referred to as 
the getter source. 

In the scant and scattered literature on get- 
ters, we find that Malignsmi is often credited 
with having invented phosphorus getter in 1896. 
Metallic getter, especially calcium getter, is 
said to have been invented by C. Soddy in 1906. 
I was greatly surprised a few years ago to find 
during a patent search that an electrically flashed 
magnesium getter was patented by Fitzgerald in 
1883 (U.S. Patent 286,916). With the commercial- 
ization of the radio receiving tube, the patent 
literatiure on getters has Increased rapidly. We 
shall discuss only such getters as are or have 
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been used for factory production. 

Chemically active materials which in one form 
or another are used as getters are given in the 
following list. 

Phosphorus 
Magnesium 



Calcium 

Strontiian 

Barium 

Lithium 
Sodixim 

Potassium 

Rubidiim 

Caesiiua 



Alkaline earth 
metals 



> Alkali metals 



Cerium, Lanthanum?"'- 

The properties of each of these materials will 
be discussed later on. 

ACTION OF CLEAN-UP 

If we vaporize or disperse a getter material 
in an imperfect vacuum, the probability of combi- 
nation between the vapor and the residual gas is 
very great. Hence, the clean-up action is very 
fast. In describing this action we refer to (a) 
gettering by dispersion diu"ing which the vaporized 
getter combines rapidly with the residual gas and 
the surplus of the vapor settles on the cooler 
sections of the bulb or electrodes; (b) contact 
gettering during which the getter deposits com- 
bine slowly with residual gas which comes in con- 
tact with them due to temperature agitation; and 
(o) clean-up by ionization during which a rapid 
chemical reaction takes place between a getter 
deposit and an ionized gas. These three phases 
of gas clean-up are generally observed with any 
getter . 

SHIELDING 

Getter deposits are often undesired on tube 
electrodes and particularly on the insulating mem- 
bers of the tube structure. In order to keep the 
getter from depositing where it is not wanted, 
shields are used. Shielding is only effective if 
the mean free path of the getter vapor is large 
as compared with the distance between origin of 
vapor and location of deposit. When this is the 
case, the getter vapor travels in straight lines. 
Fortunately, this condition ordinarily exists in 
all tubes we are dealing with. There is also one 
further point which should be remembered in con- 
nection with dispersed gettering. Even if the 
pressure in the device is too high at first to 
satisfy the straight-line requirement, the pres- 
svire will fall rapidly after traces of the getter 
are vaporized. 



* and some other rare earth metals (many of which 
constitute misch metal) 



PHOSPHORUS 

Phosphoirus occurs in several modifications, 
two of which, the yellow and the red, are of in- 
terest to us. Yellow phosphorus melts at JJ^PC 
and ignites in air when heated to 50°C . If yellow 
phosphorus is finely divided (such as it is on 
filter paper dipped in a solution of yellow phos- 
phoinis in carbonbisoilfide) , it ignites even at 
room temperature. Yellow phosphorus is very poi- 
sonous. 

Heating yellow phosphorus in a closed container 
(under pressure) for several days at 260°C gives 
the red phosphorus. Red phosphoriis ignites in air 
above 4.00°C and is chemically much less active 
than the yellow modification. When red phosphorus 
is heated in vacuum, it reverts again to the more 
volatile yellow modification. These properties 
of phosphorus make it very convenient for use as 
getter, chiefly to remove traces of oxygen. 

The lamp industiT' uses a suspension of red 
phosphorus into which the tungsten filaments are 
dipped, A trace of red phosphorus remains on the 
wire. It is chemically inactive in air diorlng 
mounting of the filament, and even during sealing- 
in. After the lamp is exhausted and the filament 
is heated for the first time, it is reconverted 
to the yellow modification and is then capable of 
removing oxygen contained in the residual gas. 

The same technique was used with the early 
types of radio receiving and transmitting tubes 
employing pure tungsten filaments. Since an ex- 
cess of phosphorus did not interfere with the 
operation of the tube , a liberal supply of it was 
painted on the plate from which it was liberated 
by high-frequency heating of the plate or by in- 
ternal bombardment of the plate. As mentioned in 
connection with the properties of the thoriated 
filament, red phosphorus was also used in connec- 
tion with magnesium getter in the types 199 and 
201-A. Both of these types used a fine thoriated- 
tungsten filament. The beneficial action of 
phosphorus consisted of cleaning up the layer of 
nickel oxide on the plates. As a result, the 
"poisoning effect" of the nickel oxide on the fil- 
ament was eliminated. 

Phosphorus getter cannot be used in tubes with 
oxide-coated filaments for it would combine imme- 
diately with the free barium in the coating. Like 
oxygen, phosphorus poisons the emission of oxide- 
coated cathodes. Back in 1931, a 24.-head exhaust 
machine en which 201-A' s v/ith phosphorus and mag- 
nesium getter Yfere made caused considerable 
shrinkage when it was used for exhausting type 
227. It was fo\md necessary to change the port 
rubbers and sweeps, and to clean the manifold 
thoroughly to remove all traces of phosphorus 
vapor . 

MAGNESIUM 

Magnesium metal is chemically very active. It 
reduces water vapor slowly at as low a temperature 
as lOOOC and it has a considerable vapor pressure 
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at 6000c. When magnesium powder is blown into an 
alcohol or Bunsen flame, it combines instantane- 
oiisly with the oxygen in the air and also par- 
tially with the nitrogen. We have all seen the 
action of flash-light powder. Solid magnesium 
metal, however, can be stored in air for years 
without showing signs of oxidation or corrosion. 
A fresh cut of magnesium metal is covered imme- 
diately by a molecular film of magnesium oxide 
¥/hich like an impenetrable varnish prevents the 
metal from further attack by the air. Breaking 
the continuity of this oxide film by amalgamation 
with mercury, for example, one can obseirve rapid 
oxidation at room temperature. 

The use of magnesitua as getter is based on its 
properties just described. As we know, no special 
precautions are needed in protecting magnesium 
getter during handling and sealing-in. It is dis- 
persed in the tube by heating it to a temperature 
of from 5000 to 800°C, and forms a mirror-like 
deposit on the glass bulb. The clean-up by mag- 
nesium metal during dispersion is very rapid. Its 
gettering by contact is slow and is ultimately 
limited by the formation of a molecular layer of 
oxide on the siirface of the getter deposit. How- 
ever, such a surface-contaminated dajjosit may 
still clean up large amounts of gas due to getter- 
ing by ionization. It is well known that tubes 
with magnesium getter remain good when in use be- 
cause of the continuous gettering by ionization 
but tend to become gassy when stored. Therefore, 
magnesium is not a good keeper. In Fig. 13 is 
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CURVE 1 - EVACUATED ENVELOPE WITH NO GETTER 

CURVES 2 I 3- TWO DIFFERENT EVACUATED ENVEL- 
OPES WITH MAGNESIUM GETTER 
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Fig. 13 
(From S. Dushman, J. Franklin Inst., 
Vol. 211, pp. 689-750; 1931) 



shown the relation between residual pressure in 
evacuated envelopes and time. Each curve repre- 
sents measurements on one envelope. The uppennost 
curve was taken with a blank envelope (no getter). 
The two other curves show the keeping properties 



of magnesium getter in two different envelopes. 
PressTire measurements were made by means of ion- 
ization gauges sealed to the envelopes. 

Magnesium metal is produced by electrolysis 
and while it is brittle at room temperature it be- 
comes very ductile at about 200OC. Magnesiian wire 
is made by extrusion at elevated temperature 
(4.500c) . To protect the metal from oxidation, the 
process is carried out in an atmosphere of illumi- 
nating gas. Therefore, magnesiim contains dis- 
solved amounts of light hydrocarbons which are 
liberated during flashing. In flashing a small 
piece of magnesium completely, we find generally 
a black residue which consists of carbon and mag- 
nesium oxide. 

CALCIUM, STRONTIUM, AND BARIUM 

The processes of preparing the alkaline-earth 
metals for gettering piu-poses are so much alike 
that they can be treated together. It has long 
been known that among these metals barium Is chem- 
ically the most active; hence, all efforts have 
been directed toward obtaining and using barium as 
a getter while calcium and strontium have served 
only for casual experiments. Therefore, it will 
be sufficient to discuss barium getter. The meth- 
ods of preparation used for barium are applicable 
to strontium and calciiun. When barium metal is 
exposed to the atmosphere, it reacts immediately 
with oxygen, carbon dioxide, and water vapor. 
Consequently, it cannot be used in its metallic 
form but must be introduced into the tube indi- 
rectly, i.e., it is either protected or in the 
form of suitable compounds. Methods which have 
been and are still employed make use of (l) cop- 
per-, nickel-, iron- or aluminum-clad barium, 
(2) barium azide (BaH^), (3) barium-magnesium and 
barium-aluminum alloy, and (4.) batalum and batalim 
ribbon getter. 

1. Copper-. Nickel-. Iron-, or Aluminum-Clad Ba- 
rium Getter 

One way of protecting barium from the atmos- 
phere is to insert a stick of barium metal into 
a copper tube having an inside diameter of approx- 
imately one inch. The ends of the tube are closed 
by pl\igs and this assembly is then worked into a 
wire by rolling and drawing. The final product, 
for example, may be a wire having an outside di- 
ameter of 0.075 inch with a barium-metal core 
measuring O.O6O to O.O65 inch in diameter. Sec- 
tions about 1/4. inch long are pinched off from 
this wire by means of a dull cutting tool. A sec- 
tion, often called a pellet, is then fastened up- 
on a nickel or iron getter holder and/or shield 
from which the barium metal can be flashed \s^ 
heating it to about lOOOOC with high-frequency 
induction currents. This method of gettering was 
worked out about ten years ago and has been widely 
used in the manufacture of the larger glass re- 
ceiving tubes. 

It shoiild be noted that with this method the 
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pinched ends of the pellets do not have an air- 
tight seal. Therefore, corrosion of the barium 
metal can take place, and once started, it pro- 
gresses inward rapidly. Consequently, the getter 
action Is satisfactory only with fresh pellets or 
those on which corroded ends have been out off. 
As an aid in evacuation, degassing of the getter 
previous to flashing is essential. Changing the 
protective sheath fnan copper to nickel, aluminum, 
or iron has little influence upon the general 
qualities of the pellet. 

The flashing occurs when enough pressure is 
built tp inside the pellet to eject a mixture con- 
taining barium vapor as well as molten barium, and 
sometimes molten copper or aluminum, depending on 
whichever material is used for the sheath. Par- 
ticles of the molten material often stick to the 
glass and cause microscopic surface cracks which 
widen in three or four weeks to form air leaks. 

The barium deposit produced by this method 
generally has a dark color indicating that the 
presence of much gas during flashing reacted with 
the barium to form an impure deposit. Pure ba- 
rium-metal deposits are almost indistinguishable 
in appearance from a magnesium deposit. 

Recently, iron-clad barium wire has been pro- 
posed for metal tubes . In this form the wire has 
an outside diameter of 0.015 to 0.020 inch. The 
thickness of the iron sheath is from 0.002 to 
0.0025 inch. A section of such wire is heated by 
passing current through it. The use of iron as a 
protective casing permits spot-welding the sec- 
tion between two lead wires. In order to facili- 
tate the escape of barium-metal vapor and at the 
same time to produce a directional flash, the cas- 
ing is ground flat, as shoTm in Fig. M.. The ba- 
ritun vapor breaks through the iron casing where 




Fig. U 

the wall thickness is a minimum. Besides, the 
flat surface of the getter wire is intended to act 
as a shield confining most of the getter deposit 
to the section of the bulb near the flat surface 
and limited roughly by a plane coincident with it. 

2. Barium-Azide Getter (BaNg,) 

In Lecture 2 on oxide-coated cathodes, a brief 



discussion of the bariian-vapor process, carried 
out with barium-azide as the bariiun source, was 
given. Much more barium metal was used with this 
process than was needed for filament activation, 
and so the surplus served as getter. Later, ba- 
rium azide was used in Europe as a barium soiirce 
for tubes using ordinary oxide-coated filaments. 
The getter source was made as follows: A nickel- 
mesh disk 3/4- inch in diameter with a centered 
hole 1/4 inch in diameter, was dipped into a con- 
centrated solution of BaH6 in vrater, and then 
allowed to dry. When this prepared disk (often 
designated by the name "life-saver") was heated 
in the tube during bakeout, nitrogen was liber- 
ated at about 150^0. The remaining barium metal 
was flashed from the life-saver by applying high- 
frequency heating. The life-saver shape was cho- 
sen because it heats up uniformly in a high-fre- 
quency field. A round disk made from material of 
poor heat conductivity (such as mesh) without a 
center hole heats at the edge first while the 
center is relatively cold. No efforts were made 
to produce a directional effect except that pro- 
vided ty the plate which shadowed the tube struc- 
ture and the mica spacers. 

Examining this getter critically, we find that 
the decomposition of BaN6 is not complete but 
that the barium metal fonned combines with part 
of the nitrogen. The result is tliat the surface 
of the life-saver has a mixtxire of barium nitride 
and barium metal. Consequently, when high-fre- 
quency heating is applied to the disk, the flash 
is accompanied by a second evolution of nitrogen 
gas. As a rule, the getter deposits appear dark, 
indicating vaporization in the presence of gas. 

Fabricating the getter is objectionable owing 
to the danger of handling bariiun azide. The dry 
azide is very explosive and traces dropped on the 
floor may cause fire if they are stepped on. The 
saturated azide solution (17^ maximum at room 
temperature) , is not dangerous except that it is 
highly poisonous like all soluble bariiam com- 
pounds when taken internally. BaN^ can be readily 
oxidized with potassium permanganate (KMnO^) , and 
so the work of dipping the nickel-mesh disks in 
the azide solution is carried out over a lead- 
lined sink which is flushed from time to time 
with KMnO^ solution. 

Reimann has studied the activity of barium- 
metal deposits in cleaning up gases. As a result 
of experimental evidence, he contends that a black 
barium-metal deposit cleans up gases by contact 
gettering about 4- to 5 times as fast as a bright 
metallic-barium mirror. The reason was sought in 
the difference of actual to apparent surface which 
no doubt is greater with the black deposit. Mr. 
Wamsley and I have observed exactly opposite ef- 
fects. While this question should be definitely 
settled by further experiments, it is of no great 
practical consequence because contact gettering 
takes place only during shelf life, end as long 
as the gas pressure does not increase, the quality 
of the tube remains unaffected. 

It is well known that contact gettering in 
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tubes using pure magnesium getter is so poor that 
the gas pressure increases on standing. This 
drawback has been overcome completely by the use 
of barium getter which permits the maintenance of 
a vacuum of the order of 10~' mm for as long a 
time as free barium metal is available. 

3. Barlum-Magnesitim , and Barium-Aluminum Alloy 
Getter 

In order to protect bariiua metal, from attack 
by the atmosphere, attempts have been made to 
alloy it with other metals. When the alloy is 
heated in vacuum, barivun metal is vaporized to 
serve as the clean-up agent. Barium-magnesium al- 
loy has gained wide usage. If the barium content 
of this alloy does not exceed 25 per cent by 
weight, the alloy is stable in dry air and can be 
stored for long periods. However, owing to the 
difference of vapor pressure of the two constitu- 
ent metals, large amounts of magnesium are vapor- 
ized during flashing before dispersion of the 
barium takes place. For example, if we use a 
piece of alloy weighing 5 milligrams, about 3 to 4- 
milligrams of magnesium must be evaporated before 
any but traces of barium are dispersed. This 
quantity of magnesium is very large for a medium- 
sized glass tube. Fortunately, with the magnesium 
assuming the role of cleaning up the bulk of the 
gas, only very small amounts of free barium are 
required to serve as a "keeper" during shelf life . 
A serious disadvantage in the use of barium-mag- 
nesium getter is that one cannot tell by visiial 
inspection of the flash whether or not any of the 
barium metal has been dispersed. 

No such limitation exists with barium-aluminum 
getter. This alloy contains from 4-5 to 50 per 
cent barium metal by weight. When this alloy 
getter is flashed, barium evaporates firstj and if 
nickel or iron tabs (cr getter holders) are used, 
no aluminum is dispersed. The amount of bariian 
flash can, therefore, be judged by inspection. It 
is obvious that am alloy should contain as large 
a percentage of baritim as is comparable with good 
stability in air. This maximum barium ratio is 
attained at about 50 per cent. Such an alloy de- 
composes slowly at 70 per cent relative humidity 
at 800F. 

Barium-aluminum alloy in reality is a chemical 
compotind because dxiring its preparation the heat 
of the melt increases exothermically from about 
700° to 1700°C. Consequently, energy has to be 
expended to liberate barium metal during the 
flashing operation . Hence, barium-aluminum getter 
requires a high flashing temperature. Fortunate- 
ly, this temperature is not so high as to prevent 
us from using nickel or iron tabs, although care 
must be exercised not to melt the tabs. It is 
sometimes advantageous to use a small amoimt of 
magnesium as precleaning agent with the barium- 
aluminum alloy. The magnesium may be mechanically 
admixed to the bariim-aluminum alloy, or mixtures 
of barium-magnesium and barium-aluminum alloys may 
be used. SvLch mixtures were employed at the be- 



ginning of metal-tube manufactxire. Although heat- 
ing of the getter was carried out at the maximum 
permissible shell temperature, chemical analysis 
revealed that practically no barium (only magne- 
sium metal) was flashed. 

Barium-magnesium as well as barium-aluminum 
alloys, with barium ratio as given above, are 
brittle at room temperature. It is customary, 
therefore, to pulverize the alloys and compact the 
powder into small pellets on a pill-press. Ac- 
cording to usage, the weight of getter pellets 
varies from 2 1/2 to 30 milligrams. ,?Fhen such 
pellets are flashed, variable amounts of gas are 
liberated. The amounts vary within such wide 
limits that a special stvidy of these conditions 
has been started. 

Another factor affecting the temperature of 
flashing is the thermal contact between tab and 
pellet. Latest developments take this factor into 
consideration. Hence, more uniform results are 
obtained with so-called imbedded getters, i.e., 
pellets pressed into the getter tab. 

Both types of alloy getters are widely used in 
the manufacture cf glass tubes and undoubtedly the 
resiilts are better than if magnesium getters were 
\ised. However, there is still room for improve- 
ment. A barium getter for glass tubes requiring 
a low flashing temperature and permitting visual 
inspection of the amount of barium deposit may 
improve quality and decrease shrinkage consider- 
ably. 

I.. Batalum and Batalvim-Ribbon Getter 

Bataliam getter has been devised for use in 
metal tubes. It is a reaction- type getter and de- 
rives alkaline-earth metal from its oxide which 
is reduced at elevated temperature with tantalum 
metal. Since we desired to produce barium with 
tantalum, the name "batalum" was coined to indi- 
cate this combination. The reaction is expressed 
by the formula: 

5 BaO + 2 Ta -> Ta205 + 5 Ba 

Owing to its volatility, the barium metal is re- 
moved from the sphere of reaction and, therefore, 
it proceeds in the direction of the arrow. How- 
ever, Ta205 (tantalum pentoxide) reacts with ba- 
rium oxide forming barium tantalate, according to 
the formula 

3 BaO + Ta205 -» Ba3Ta208 

Therefore, the complete process can be represented 
by 

8 BaO + 2 Ta -^ 5 Ba + Ba3Ta208 

Accurate measurements of the barium yield and the 
original amount of barium compound (weighed as 
carbonate) indicate the general correctness of 
this formula. The temperature required for the 
reaction is about 1300° - 1500°C. The process is 
most conveniently carried out by coating a tanta- 
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lum wire with barium and strontiiun carbonates, 
converting the carbonates to the oxides at about 
1000° - llOOOC, and then raising the temperature 
to about 13000c at which barium and strontium 
metal evaporates . Bariiam and strontium carbonates 
were used, because, as we know, barium carbonate 
alone melts and would cause sputtering. The re- 
ducing agent, the tantal\am, in form of a wire has 
two main advantages. First, it affords control 
over the reaction by limiting the reaction surface 
to that of the wire. Thus, in controlling the 
wire temperature, we can start and stop the evap- 
oration of barium at will. The second advantage 
is of chemical nature, and results from combining 
the wire (which serves as a heater) and reducing 
agent into one and the same unit. 

In its first form the batalum getter consisted 
of a tantalum coil sprayed with the double carbo- 
nates (presintered in air to increase their densi- 
ty) and provided with a shield for directing the 
flash. 3 Flashing of the getter was accomplished 
by heating the tantalum wire electrically. While 
the results obtained with this getter were satis- 
factory, it has two disadvantages. One was its 
cost and the other was a processing requirement. 
The carbonate coating reqiiired decomposition 
d\irlng exhaust. Both disadvantages were elimi- 
nated by the so-called "ribbon getter." This 
getter craislsted of a tantalum strip 1.5 x 0.1 x 
0.0025 cm, with the middle section formed into a 
channel approximately 1 cm long. The barium com- 
pound, mixed with a nitrocellulose binder was 
filled into the channel on an automatic machine 
which formed and cut the channel and dried the 
coating. Since the channel vfhich was coated only 
on the concave side was in itself a shield, and 
since the preparation of the getter was carried 
out entirely on a machine, the cost of the getter 
was only a small fraction of that of the coil 
getter. 

The disadvantage of decomposing the carbonates 
during exhaust has been overcome byusing bariiun- 
berylliate as coating material for the ribbon 
getter. This is a compound fonned from the basic 
barium oxide with the amphoteric beryllium oxide 
and is approximately represented by the fonnula 
BaBe02. 

Because of its advantages, the ribbon getter 
has found wide application in metal tubes. Both 
types of batalum getters (made in our own factory 
under controlled conditions to insiire quality and 
purity) yield alkaline-earth metal of very high 
purity. The getters may be flashed partially or 
completely on the exhaust machine, and the flash 
is controlled completely by the temperature of 
the tantalum carrier. For most purposes it is 
advantageous to flash the getter after sealing 
off, i.e., before or during aging of the tube. 



^ E. A. Lederer and D. H. Wamsley, "'Batalum,' A 
Barium Getter for Metal Tubes," RCA Review, Vol. 
2, pp. 117-123; July, 1937. 



THE GROUP OF ALKALI METALS 

The alkali metals, lithivim, sodiiun, potassium, 
rubidium, and caesium are chemically very active 
but cannot be used for radio receiving-tube get- 
ters because of their high vapor pressure. Their 
use is confined to special devices, such as 
caesiiun-vapor detector tubes, phototubes, vapor 
lamps, and gas-discharge devices. In the latter, 
they serve as a means for reducing the "cathode 
fall." An alkali metal is introduced into the 
device either as a metal by vacuum distillation 
or is produced by reduction. While it is rela- 
tively easy to produce an alkali metal ty reaction 
with a suitable reducing agent (vacuum decomposi- 
tion of the tartarates, iron, aluminum, or calcium 
with the halides, oxides, carbonates, etc.), it is 
advantageous to use alkali compounds free from 
water of crystallization and such reactions as do 
not produce gas. For example, caesium metal is 
conveniently produced ty heating an intimate mix- 
ture of caesium dichromate or permanganate with 
silicon or boron. The formulas are: 



Cs2Cr207 + 2 Si = Cr203 + 2 Si02 + 2 Cs 
2 CsMnO^ + 2 Si = 2 Mn02 + 2 Si02 + 2 Cs 



Both reactions are exothermic and once started at 
a temperature of about 900°C proceed until the 
reducing agent is used up. Therefore, the con- 
trol is poor and reflashing of the getter is 
obviously useless. Notwithstanding these facts, 
reactions using purified silicon are extensively 
used in the manufacture of phototubes and Icono- 
scopes. Rubidium and potassium can be made in a 
similar manner. Lithium and sodiimi can be pro- 
duced by reacting the respective berylliates with 
tantalum, titanitun, or aluminum. 



UISCH METAL 

Misch metal is a mixture of the rare-earth 
metals and contains much cerium and lanthaniam and 
in addition variable amounts of sodium but not 
over 5 per cent. This material has been proposed 
often as getter for various devices. There is no 
doubt that the heat of combustion of both cerium 
and lanthanum is very high and that misch metal 
may be an excellent material for dispersion get- 
tering to remove traces of air. Misch metal for 
contact getter ing is obviously very inferior to 
barium, because the fonner can be stored in diTy 
air for many weeks while the latter reacts rapidly 
with the oxygen in the air. It is believed that 
misch metal is covered by a molecular layer of 
oxide which protects the metal from rapid oxida- 
tion. Misch metal is now used in gas-filled vol- 
tage regulators (type 874) as an oxygen getter 
and as a means to maintain the uniformity and mag- 
nitude of the cathode fall during life. 



71 



Vacuum Tube Design 



REFERENCES Andrews and Bacon, "The Comparison of Certain 

Commercial Getters," J. Amer. Chem. Soc, Vol. 
S. Dushman, "Recent Advances in the Production 53, ?• 1674; 1931. 

and Measurement of High Vacua," Jo\ir. Franklin „„ «„^j.j ^ „ ■, « r. ^ /^ 

Inst., Vol. 211, No.6, pp. 689-750; June, 1931. ^-J^' P°^^^' ?^:^*??i"^ °^ Hydrogen," Ref. 6- 

References a, Part III. 

A. L. Reiman, "Clean-up of Gases by Magnesium," Ai D. Power, "Gettering of Nitrogen," Ref. 6 — 
Phil. Mag., Vol. 16, pp. 673-86; 1933. References b. Part III. 



72 



Lecture 7 

METALLURGICAL PRINCIPLES 

S. Unbreit 



INTRODUCTION 

"Careful research into the nature of the 
metallic state has yet to discover, with any 
certainty, its essential quality. We do not yet 
know, for sure, what it is that makes the me- 
tallic elements different from, if not actually 
unique among created things. We do know, of 
course, that metals have certain more or less 
characteristic properties — they are hard, strong, 
and tough, and good conductors of heat and elec- 
tricity, and these so-called metallic properties 
provide a definition of a sort. However, it is 
the structiire rather than the behavior of the 
metals which gives the really fundamental in- 
formation necessary to the understanding of raetal- 
licity 

"As everyone knows, metals owe their in- 
dustrial importance to the fact that they pos- 
sess, often in a peculiar sense, useful proper- 
ties, such as strength, plasticity, electrical 
conductivity, and ferromagnetism. These and 
other properties find their origin in the internal 
structure of the metal or alloy. What a metal 
does is because of what it is. Metallic behavior 
is simply an outward manifestation of what is, 

and what goes on, unseen, inside The basic 

fact underlying nearly all metallic behavior is 
that a metal is crystalline in its nature; any 
mass of metal that has been fonned in the ordi- 
nary way is made up of many small crystals tightly 
boxmd together.'** 

These words of L. R. VanWert,-*- of Harvard, 
state the subject very well. 

NUCLEI MD GRAIN GROWTH 

If a piece of metal is polished, appropri- 
ately etched, and examined under a microscope, 
it is at once apparent that the mass is granular 
in character but not in the sense that each 
grain visible under the microscope has a defi- 
nite shape and proportion as do mineralogical 
specimens. The irregular polyhedral shape of 
the metallic crystallite is due to the fact that 
it grew rapidly in a liquid of high concentra- 
tion, whereas the mineral grew at an exceedingly 
slow rate from a dilute concentration. However, 
both crystals do have the common feature that 
the atoms are arranged with great regularity both 
as to position and spacing. 

This regularity distinguishes the crystal- 
line solid from the liquid and from glasses in 



^ L. R. VanWert, "Inside a Metal," Mining and 
Metallurgy? October, 1937. 

* Quotation with permission of Mining and Metal- 
lurgy. 



which the atoms are arranged with random orien- 
tation and spacing. This appearance of the crys- 
talline material in a liquid is called freezing 
which occurs in a pure metal at a single fixed 
temperature and coincides, in most cases, with 
the temperature at which the crystalline phase 
disappears on heating. 

During the cooling of a melt of metal, crys- 
tallization centers or nuclei are formed spon- 
taneously at the surface of the container. From 
these nuclei, the crystals grow in all direc- 
tions but more rapidly in certain directions than 
in others. These crystals grow together so that 
the boundary planes form irregular polyhedra due 
to the mutual interference of one another. The 
freezing of a melt is not a simple affair but 
depends upon two factors which determine whether 
the melt will freeze on cooling or whether it 
will become a glass, and if it crystallizes, 
whether the grains will be coarse or fine. These 
two factors are: the number of nuclei and the rate 
of grain growth. Both factors must be large at 
the same temperature to produce a granular solid. 
The number of nuclei and the rate of grain growth 
are generally large in the case of metals but 
not so in the case of the alkaline silicates 
which constitute our glasses. In the latter case, 
the appearance of nuclei does not occur until 
the liquid has cooled to a point where the vis- 
cosity is high and the rate of grain growth has 
diminished to zero. Consequently, the mass re- 
mains glassy. 

The difference between the behavior of a 
molten mass of a crystalline substance and that 
of a vitreous or glassy substance upon cooling, 
is that the former reaches a temperature where 
the crystalline, solid phase appears and further 
cooling results in a completely solid mass. 
Heating causes the disappearance of the crystal- 
lites at the same temperature. In other words, 
there is an abrupt change in viscosity or ri- 
gidity when the freezing or melting temperatiu-e 
is passed. 

With a vitreous substance like glass or 
pitch, there is no abrupt increase in viscosity 
on cooling but rather a gradual increase extend- 
ing down to or below room temperature. The mass 
gradually changes from a liquid to a solid and 
it Is hard to say when it is a liquid and when a 
solid . 

The behavior of a pure metal and glass is 
illustrated in Fig. 1, which shows the rate of 
grain growth (GG) and number of nuclei (NN) 
plotted against decreasing temperature. In me- 
tals the number of nuclei present is large at 
a temperature where the rate of grain growth is 
large; consequently, crystallization occurs. How- 
ever, in glass the number of nuclei present in 
the temperature range of appreciable grain growth 
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is practically nil; so, the mass remains vitreous. 
If the number of nuclei is great, there will 
be a large number of fine grains of about equal 
size because a large number of grains start to 
grow at the same time and with equal speed, but 
the growth is soon stopped by mutual interfer- 
ence. If, however, the number of nuclei is 
small and the rate of growth is large, then the 
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Fig. 1 



grains will be large. Variations in rate of 
nuclei fonaation and growth account for the 
variation in grain size of different metals. 
Steel or tungsten has a small grain size whereas 
brass always has much larger grains which are 
plainly visible on the surface of any brass door 
knob frequently used and exposed to the weather. 
This matter of grain growth under fixed con- 
ditions can be noted elsewhere in ordinary life. 
The large patterns of frost on a window pane in 
the winter are the result of slow growth start- 
ing from a limited number of nuclei. The phe- 
nomenon differs from the freezing of metals in 
that the solid is deposited from the vapor phase 
rather than from the liquid phase, but the me- 
clianism is the same. A practical application of 
the knowledge of crystallization processes is 
found in candy making, which is essentially a 
freezing operation. 

ATOMIC AilRANGEMENT 

If the metallic grains which have developed 
during solidification are subjected to the mono- 
chromatic x-radiation of molybdenum, it will be 
found that the grains act like diffraction grat- 
ings and refract the x-rays an amount which de- 
pends upon the spacing of the atoms, because the 
spacing of the atoms in metals is comparable in 
size to the wavelength of x-rays. In a pure 
metal, all the atoms in a single grain are ar- 
ranged in a definite manner and at definite in- 
tervals from one another in directions which are 
straight lines. In other grains, the arrange- 
ment and spacing are Identical, but the direc- 



tions of the axes are somewhat different. From 
the nature of the diffraction pattern produced, 
it is possible to determine the arrangement and 
spacing of the atoms. It has been found that 
most pure metals fall into three groups. The 
more ductile metals have atoms situated at the 
comers of a cube and at the center of the cube 
faces. This arrangement is called "face-centered- 
cubic" as shown by Fig. 2; Al, Ca, Fe between 




Fig. 2 - Faoe-Gentered-Cubic 

Crystal Structure 
(Courtesy of Metals and Alloys) 




Fig. 3 - Body-Centered-Cubic 

Crystal Structure 
(Courtesy of Metals and Alloys) 




Fig. 4- - Hexagonal-Close-Packed 

Crystal Structure 
(Courtesy of Metals and Alloys) 



910O and JJyOO^C, |8Co, Ni, Cu, Sr, Rh, Pd, Ag, 
Ba, |8Ce, Ir, Pt, Au, Pb, and Th are in this 
class. Harder, more brittle metals have atoms 
at the comers and center of the cube giving rise 
to the term "body-centered-cubic" shown in Fig. 
3. These metals are Ti, Na, K, V, Cr, Fe below 
910° and above L400°C, Mo, Ta, and W. There is 
another grouping called "hexagonal-close-packed" 
that is obtained when balls are packed as closely 
as possible starting with a triangular imit. 
This arrangement is shown in Fig. A- The metals 
falling in this class are Be, Mg, Ti, Cr, aCo, 
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Zn, Zr, Ru, Cd, aCe, Hf, Rn, Os, and Th. There 
are a few other types of more complicated sym- 
metry that are less important. 

It should be noted here that because of the 
regular spacing of atoms in metals, a large num- 
ber of sets of parallel planes containing atoms 
can be found oriented variously to principal 
axes. The spacing between adjacent planes and 
the density of atoms in each plane depend upon 
the orientation. If the spacing between planes 
is relatively large and the bond between planes 
consequently weaker, the grain T?ill distort dur- 
ing cold work by slipping along these planes, 
which are called "slip-planes." Ductile materials 
are distinguished by their ability to slip on 
these planes. The most ductile metals all have 
a face-centered-cubic arrangement which has foiu- 
directions of easy slip, whereas the least duc- 
tile metals of the hexagonal-close-packed system 
have only one direction. 

The atomic arrangements of practically all 
compounds and minerals, however complex, have 
been determined by x-ray analysis and classified 
by the Braggs in England during the last twenty 
years. Furthermore, much has been learned about 
the effect of cold work and annealing of metals 
which could not have been established in any 
other way. It is possible to use the x-ray method 
to determine the directional variations in me- 
chanical properties of sheet material but other 
methods are available that are more sensitive. 

With pure metals, the freezing and cooling 
to room temperature usually occxir in a simple 
manner. Some metals like iron or nickel freeze 
at a definite temperature but on continued cool- 
ing reach a temperature where the atomic arrange- 
ment or some physical property changes abruptly. 
These points are called transformation or tran- 
sition points. Iron freezes with the body-cen- 
tered-cubic atomic arrangement at 1530OC but, 
with continued cooling to HOOOC, it has a tran- 
sition point where the arrangement changes to 
that of the face-centered-cubic which is stable 
down to 9100C. At this temperature, it again 
transfonas into the body-centered arrangement of 
atoms which is called alpha iron. Further cool- 
ing to 770OC brings about a change in the mag- 
netic properties; iron is magnetic beloT/ 770°C 
and non-magnetic above. 

The cooling of nickel to room temperature is 
unaccompanied by any atomic rearrangement but 
nickel becomes magnetic at 360°C and remains so 
below this temperature. The coefficient of elec- 
trical resistance of nickel is also different 
above and below this temperature which is called 
the Curie point. 

Other elements show transition temperatures. 
For instance, the allotropic forms of carbon have 
a transition point where graphite and diamond 
are in equilibrium. Silicon has abrupt and re- 
versible changes in electrical resistance at 214° 
and 435°G; titanium at 3100. Tin has transi- 
tions at 18° and l6lOC. 

The melting and transformation points of 



metals are usually determined by making cooling 
or heating curves which show discontinuities of 
rate at the temperature of transition or freez- 
ing due to absorption or liberation of heat. The 
duration of the arrest is proportional to the 
heat of fusion or transition and inversely pro- 
portional to the rate of cooling. The heat of 
transition is much smaller than the heat of fusion 
but is sufficiently pronounced to be used as a 
means of identifying the transition temperature. 

MAGNETIC PROPERTIES 

Metallic bodies may either concentrate or 
disperse magnetic lines of force. Metals which 
concentrate the lines of force are called para- 
magnetic; those that disperse them are diamag- 
netic. Ferromagnetic metals such as iron, nickel, 
and cobalt are distinguished from other paramag- 
netic metals by their marked capability of con- 
centrating the lines of force. 

The intensity of magnetization of ferro- 
magnetic metals at constant field strength de- 
creases only slightly with rising temperature 
but drops practically to zero at a definite tem- 
perature which is characteristic of the metal. 

GASES IN METAL 

The subject of gases in metals is an import- 
ant one to us since our success in making tubes 
depends largely on our ability to remove gas from 
a bulb composed of or containing metal parts and 
to prevent the appearance of gas diu'ing the life 
of the tube. Unfortunately, little is known of 
the real nature of gas in metals; the operations 
of reducing the metal from ore depend upon gas- 
eous reactions which permit the metal, which is 
usually molten, to dissolve gases readily. Gen- 
erally, gases are more readily soluble in molten 
than in solid metal, but even vacuiMi melting will 
not remove all the gas from metal. It appears 
that gas can be retained by metals in several 
ways tlmt are difficult to differentiate. Gas 
may be occluded or adsorbed on the surface, it 
may be dissolved in the metal as air is dissolved 
in water, it may be in combination with the metal 
as the oxide, or hydride, or it may result from 
a reaction between constituents. 

Most metallurgists are interested primarily 
in the gases which are precipitated during the 
freezing of the metaJ. and which produce blow- 
holes, pipes, and porous metal in the cast ingot 
and cause difficulty in working the metal. But 
we are interested in the amount of gas that is 
liberated when the metal is heated in a good 
vacuum. The surface of the metal contains much 
adsorbed gas which can be easily removed by low- 
tempera tirre annealing in hydrogen. Some metals 
contain oxides that are readily decomposed with 
heat under vacuum. The decomposition liberates 
oxygen. Such metals are silver, copper, iron, and 
nickel. Gases from oxides are easily removed 
but the gases that are dissolved or that result 
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from chemical reactions present a problem. In 
nickel or iron, if the oxide and carbon are pre- 
sent, they may react to produce carbon monoxide 
which diffuses slowly to the s\irface. The rate 
of diffusion of most gases, except hydrogen, is 
so slow that the ordinary firing and exhaust 
schedules used in tube manufacture can remove 
only a little from the surface. More diffuses 
slowly to the surface during life of the tubes 
and must be removed by the getter. A number of 
years ago, some experiments with nickel and iron 
indicated a higher rate of diffusion of gases in 
nickel than in iron. The higher diffusion rate 
in nickel permitted more gas to be removed from 
it during firing at lOOOoC and exhaust than from 
iron. It was also foimd. that with longer periods 
of firing, the amount of gas liberated during 
life was less, and that when the firing was con- 
tinued for more than 8 or 10 minutes the rate of 
liberation of gas was reduced very little. Al- 
though some speak of hydrogen as replacing the 
gases in metal during our annealing operation 
and then being easily removed during exlaaust, 
the hydrogen is only effective as a protective 
atmosphere that permits continued heating at ele- 
vated temperature without oxidation. Of course, 
hydrogen will reduce oxides and produce a bright 
s\arface from one which had previously been oxi- 
dized and make a clean part that can be welded 
easily. But the primary function of hydrogen is 
the prevention of oxidation during the period at 
high temperature necessary to permit the gases 
near the surface to escape from the metal. 

COLD WORK 

When a metal is subjected to permanent de- 
formation or cold work, some of its properties 
are changed. This cold work may be accomplished 
in several ways, such as by rolling, drawing, 
hammering, swaging, bending, stamping, extruding, 
and stretching. By means of one or more of 
these operations, most of the metal used in con- 
struction is produced in a few simple shapes, 
such as wire, rod, tubing, sheet, strip, plate, 
rails, I, T, and angle sections. From these 
standard shapes are fabricated most of our me- 
tallic articles, the most important exception 
being castings for such parts as are too compli- 
cated to be made from plain shapes. 

Consequently, most metal in use has at one 
time or another experienced the effect of cold 
work. When a piece of soft metal wire or rod, 
such as nickel, is subjected to tension as in 
stretching, the metal elongates slightly. As 
the load increases, the length Increases pro- 
portionally until a point is reached where the 
increase in length is greater than expected. The 
maximum stress at which the elongation is pro- 
portional to the load, is called the proportional 
or elastic limit. If the load is removed, the 
length of the specimen returns to its original 
value, and the elongation of the specimen has 
been elastic. When, however, the load is in- 



creased to a value greater than the elastic 
limit, the specimen elongates at a much greater 
rate than before. Now if the load is relieved, 
the specimen is longer than it was originally by 
the amount of elongation occurring above the 
elastic limit. This increase in length repre- 
sents the plastic or permanent deformation and 
removal of the load does not completely relieve 
the internal stresses. 

The tensile test is a common physipal test 
which is readily applied to metals. In the elas- 
tic range of the test, the ratio of the load to 
the resultant elongation is called the modulus 
of elasticity, or Yoimg's modulus. 

Actually, annealed metals can be stretched 
elastically less than 1 per cent after which they 
elongate rapidly or break suddenly if they have 
been hardened by cold work. 

As the tensile test is continued to the point 
of fracture, the specimen elongates rapidly when 
the stress exceeds the elastic limit. This 
elongation is largely localized at a point which 
is reduced in cross-section and viltimately be- 
comes the point of fracture. The maximiim load 
required to break the specimen divided by the 
original area is called the tensile strength. 

The reduction of area at the point of frac- 
ture expressed in per cent of the original cross- 
sectional area of the specimen is an important 
figure because it is an index of the ability of 
the metal to work-harden. 

The total elongation is expressed as a per- 
centage of the total length of the specimen but 
since the elongation is greater at the point of 
fracture because of the "necking down," it is 
customary to give the elongation for a 10-inch 
length and for the 2-inch length including the 
fracture. These are the values obtained from the 
tensile test. 

Generally, soft or annealed face-centered- 
cubic metals have lajge elongation (20 to 50 per 
cent) , large reduction in area, a definite yield 
point, and a low tensile strength. When these 
same metals are subjected to cold work, the elon- 
gation drops to 1 or 2 per cent, the area does 
not decrease, the elastic limit is identical with 
the tensile strength which is high, and the modu- 
lus of elasticity does not change. From these 
values, we learn something about the following 
properties of metals. 

Ductility is the property by virtue of which 
a metal can be drawn out by means of tension 
without rupture. If a metal has high elongation 
and large reduction in area together with enough 
tensile strength to exceed the friction of the 
wire in the drawing die, the metal is considered 
to be ductile. If the tensile strength is low, 
the wire does not have sufficient strength to 
permit fine wire beingdravm. 

Malleability is the property by virtue of 
which a metal can be deformed by compression, as 
in hammering or rolling. Of cotirse, tensile 
strength is not a requisite for malleability but 
compression strength is. Metals which are duc- 
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tile are also malleable but the relationship is 
only approximate. 

Resilience is measured by the elastic energy 
which is stored up in the metal and is greatest 
in metals with low elongation and high tensile 
strength. Piano strings are made of hard -drawn 
steel wire for this reason. 

Toughness and brittleness are, in a sense, 
opposite terms. Toughness is measured in terms 
of the work required to break the metal. If a 
stress-strain diagram is drawn for a specimen, 
the area under the curve is a measure of its 
tougliness or resistance to fracture. Toughness 
is accompanied by high tensile strength and high 
elongation. Brittleness is the property of a 
metal by virtue of which it breaks without much 
deformation. 

Ability of a metal to work-harden may be de- 
termined from the shape of its stress-strain 
curve and would be indicated by low reduction of 
area, high elongation, low yield point, and high 
tensile strength. 

Hardness is a difficult property to evaluate 
because there are several kinds of hardness, such 
as resistance to abrasion, resistance to pene- 
tration, rebound hardness, and cutting hardness. 
These properties can not be determined from the 
tensile test but require individual tests for 
each kind of hardness. 

Curve A of Fig. 5 is a tensile diagram for 
a haivl-drawn metal which is strong, resilient, 




and brittle; it has no ductility, malleability, 
or toughness. Similarly, ctirves B, C, and F 
show the behavior of three types of ductile, 
malleable metal. B, of course, is the strongest 
and toughest, and almost as resilient as A. F 



is a weak, ductile metal but although it is 
tougher than A, the latter is much stronger. 

Curve D is for a metal which has good work- 
ing qualities. Although it has the same tensile 
strength and elongation as has G, it is not so 
tough as C, and requires less work to rupture it; 
it work-hardens more rapidly, takes a permanent 
set even at low loads, and does not tend to 
localize the fracture by necking down. These 
characteristics are shown by the steepness of 
the curve over the plastic range. 

Curve E is for a resilient metal that is more 
flexible than A. A spring of this metal would 
deform more for the same load than would one of 
the metal represented t»y curve A. 

When a ductile metal is subjected to cold 
work, that is, plastic deformation below its an- 
nealing temperature, it is fo\md that the elastic 
limit and the tensile strength increase, and the 
elongation decreases as the amount of cold work 
increases. The modulus of elasticity may change 
to the extent of 20 per cent; a similar change 
may be found in the electrical conductivity; and 
a slight decrease in density is also noted. 

About 35 years ago, Beilty advanced the view 
that there was reason for supposing that metals 
exist in the amorphous or vitreous as well as in 
the crystalline state. In metal aggregates, the 
crystalline grains are surrounded by continuous 
films of amorphous material. 

At low temperatures amorphous metal is harder 
and stronger than crystalline metal because, in 
the latter material, there are definite direc- 
tions of weakness resiiLting from the regularity 
of the atomic arrangement. Near the melting 
point, the crystalline material is stronger but 
is surrounded hy weaker, softer, viscoiis, amor- 
phous metal having the properties of glass at 
elevated temperature. 

When a crystalline material is subjected to 
cold work, the grain is distorted in a discon- 
tintiDUS stepwise manner; the grain breaks up into 
fragments by slipping along planes of weakness 
called slip-planes. This rubbing together of 
two surfaces displaces atoms from the regular 
ciystalline arrangement, and produces ajnorphous 
metal in the plane of slip. When this slippage 
on a given plane is interrupted by interference 
with other adjacent grains, the amorphous metal 
becomes rigid and stronger than the crystalline 
material which it cements together. Further cold 
work produces slippage at other slip-planes so 
that the whole aggregate is broken down into 
fragments cemented together hy hard amorphous 
metal . 

It has also been found that, if a metal is 
broken at a temperature near the melting point, 
the fracture occurs in the grain boimdaries but, 
when broken at a low temperature, the fracture 
occurs within the grains. The presence of amor- 
phous metal in the grain boundaries would explain 
these observations, since the vitreous cement is 
stronger at low temperature and weaker at high 
temperature than is the crystalline material. 
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Tests of Jeffries and Sykes, vfhere various 
rates of loading at elevated temperature were 
used, showed the properties of vitreous material. 
Very rapid fracture showed high tensile strength 
with a ductile transcrystalline fracture, while 
slow fracture showed a low tensile strength and 
a brittle intergranular fracture. In this test, 
it was assumed that the properties displayed by 
pitch exist in amorphoiis cement at elevated tem- 
peratures, namely, that it is relatively soft 
and plastic to slow loading but hard and brittle 
to rapid loading or shock. 

The crystal structure of each grain is oriented 
differently from that of its neighbor, depending 
upon the orientation of the nucleus from which 
it grew. When the growth of two grains is in- 
terrupted by mutual interference, there exists 
between the two grains a zone of discontinuity, 
the nature of which is not exactly known. It may 
contain impurities or amorphous vitreous material; 
at least, it displays the properties of amorphous 
metal. 

GRAIN GROWTH AND RECRYSTALLIZATION 

When a metal freezes or crystallizes, grains 
grow in size and shape, depending upon the con- 
dition of crystallization. If the metal has not 
been cold-worked, the grain size of cast metal 
csji not be increased by annealing at any tem- 
perature below the melting point. If the metal 
is worked at a temperature above the annealing 
point, that is, if it is hot-worked, new grains 
are formed, which are usually smaller. If this 
metal is heated to a higher temperature, fewer, 
larger grains result; this effect is called grain 
growth. 

However, if a metal is plastically deformed 
below the annealing temperature, or cold-worked, 
it is found that the grains are distorted and 
broken. When the metal is heated, the distorted 
or elongated grains are replaced by new grains 
of polygonal form called "equiaxed grains" be- 
cause the length of the grain in any direction 
is about constant. The change is called recrys- 
tallization and occurs at a temperatxire which 
depends on the metal and the amount of cold work. 
The lowest temperature of recrystallization vis- 
ible microscopically for several metals after 
they have been subjected to severe cold work, is 
given in the following tabulation. 



w 


12000C 


Cu 


200OC 


Ta 


1000 


Al 


150 


Mo 


900 


Mg 


150 


Ni 


600 


Cu 


room temp. 


Pt 


450 


Zn 


room temp. 


Fe 


A50 


Pb 


below room temp 


Au 


200 


Sn 


beloT/ room temp 


Ag 


200 







The recrystallization temperature is lower, 
the lower the working temperature, the purer the 
metal, the smaller the initial grain size, and 



the longer the time of annealing. The progress 
of recrystallization can also be followed by 
noting the annealing temperature at which the 
electrical conductivity, tensile strength, and 
percentage elongation change greatly. 

When pressed powders are sintered together, 
grain growth occurs at temperatures very close 
to the melting point. But^ before grain growth 
can occur, consolidation by diffusion must take 
place. Grain growth or possibly recrystalliza- 
tion occurs in electrodeposited metals because, 
although they are crystalline, they are deposited 
in a strained condition which is conducive to 
an alteration in grain size or shape. When iron 
passes through the a- -y transformation, the change 
in atomic arrangement is accompanied by recrys- 
tallization without the presence of strain in 
the grain. 

In cold-worked metal, the grains are elon- 
gated in the direction of the flow of metal and 
in a hard-drawn wire, such as tungsten, the 
grains appear as fibers or threads. At low tem- 
perature, the time required for recrystalliza- 
tion may be days; near the melting point, it may 
be seconds. 

During recrystallization, strain-hardened me- 
tal changes to unstrained or annealed metal 
and small annealed grains then grow into larger 
grains. Actiially, recrystallization is the change 
from the strained fragment of a grain into the 
annealed, strain-free grain of small size; grain 
growth follows recrystallization and changes a 
small grain into a large one hy absorption of 
its neighbors. Dui'ing annealing, these two op- 
erations occur almost simultaneously. 

The time of exposure has an important effect 
on the temperature of recrystallization; the 
longer the annealing, the lower the temperature 
of recrystallization. The lower the temperature 
of deformation, the lower the temperature of re- 
crystallization. Also, purity of the metal has 
much to do with the recrystallization tempera- 
ture, for solid solutions have higher tempera- 
tures than pure metals. The greater the amount 
of strain hardening, the lower the recrystalli- 
zation temperature. 

With large grains only slightly deformed, it 
is impossible to have a uniform condition of 
cold work; and so such metal has a recrystalli- 
zation range. The greater the amount of cold 
work, the narrower and lower is this tempera- 
ture range. 

Any foreign material in the metal affects 
its grain growth characteristics; foreign ma- 
terial may be present in solid solution, it may 
be a mechanical inclusion, such as slag, or as 
another constituent of an alloy. A good example 
of inclusion is the thoria in tungsten used for 
filaments in certain types of vacuum lamps and 
in radio tubes. Thoria was added to tungsten to 
prevent "offsetting" by obstructing grain growth 
normal to tungsten and producing many fine 
grains instead of a few laxge ones. In this 
way, the interlocking effect of the fine grains 
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prevented the side-slip which would occur in the 
plain surface between two large grains. Thoria 
is not introduced into filaments of radio tubes 
for the same purpose, but the obstructional ef- 
fect is present. 

The thoria is added to tiingsten oxide or tung- 
sten powder in the form of thorium nitrate in 
solution. Tfhen the mixture is evaporated to dry- 
ness, thoria is left finely divided and evenly 
distributed throughout the powder. When the 
metaJ. is worked into wire, the thoria particles 
are drawn out with the wire into bead-liSce chains , 
because thoria is not so plastic as the metal. 
These particles offer less obstruction to grain 
growth in the direction of drawing the wire than 
they do radiallyj consequently, the tungsten 
grains are longer in the direction of working. 

Frequently, it is found that the results of 
suinealing contradict the laws of normal grain 
growth. But usually this will be found to be 
due to lack of homogeneity in composition, struc- 
tiore, strain, or temperature. 

Strain gradients are introduced by drawing 
or rolling which produce greater stress at the 
surface of the metal than in the interior. Dur- 
ing heating and cooling, there are always tem- 
peratm'e gradients especially if the mass of 
metal is large and its thermal conductivity is 
poor. Under suitable conditions, these gradients 
result in very large grains due to exaggerated 
or abnormal grain growth. Single-crystal tung- 
sten wire is produced by large temperatiire gradi- 
ents that pennit a crystal to grow along a wire 
at a rate higher than the speed with which the 
wire moves into the hot zone. 

H. M. Howe has called this abnormality in 
grain growth "germination," and the annealing 
range conducive to it, the "germinative range." 
Many cases of germination have been reported and 
in most cases have been produced by subjecting 
the metal to slight strain followed by annealing 
at low temperature. Plain steel containing 0.05 
to 0.12 per cent carbon shows this phenomenon 
quite clearly. Ruder has used this method to 
produce coarse grains in silicon steel. 

Another case of germination occurs in drawn 
tiingsten wire which has only small amounts of im- 
purities or additions, such as are found in our 
non-sag wire. This wire, which has been drawn 
in the usual way and is thoroughly cold-worked, 
can be heated so that it will have either a 
coarse-grained or a fine-grained structure. If 
the wire is heated suddenly to a high tempera- 
ture, the grains will be fine but if it is heated 
slowly through a narrow range of temperature, the 
grains become very coarse. 

This grain growth is now known to occur by 
the gradual, though rapid, absorption of one 
grain by another, that is, the boundary separat- 
ing the two grains migrates until one grain dis- 
appears entirely. This requires the transfer of 
atoms from the lattice of one grain to that of 
the growing grain. However, similarity of orien- 
tation in two adjacent grains is not considered 



a prerequisite for grain growth but rather the 
existence of thermodynamical instability of suf- 
ficient intensity to overcome the obstructional 
factors at a given temperature. 

Jeffries and Archer believe that absolute 
and relative grain sizes are the chief factors 
in determining the force or tendency to grain 
grovrth. In aqueous solutions of salts, the ten- 
dency is known to be due to the greater solubility 
of the smaller ciystals. Generally, in a mix- 
ture of grains of various sizes, the larger tend 
to grow at the expense of the smaller. Grain 
growth would not occur if the grains were all of 
the same size, because each grain is as potent 
as its neighbor and no change results. Grain 
growth depends upon difference in grain size 
where the large grains have greater power of re- 
orienting the atoms in the lattices of neighbor- 
ing grains. The thing that limits the grain 
growth and prevents metals from being single- 
crystalline is the fact that the increase of re- 
orienting power with size is most pronounced in 
fine grains and diminishes rapidly with grain 
size. 

The growth of grains in a metallic aggre- 
gate is a competitive process, each grain com- 
peting with its neighbor for the atoms in the 
grain boundary. The more powerful grain grows 
at the expense of the weaker and thereby becomes 
a trifle stronger. 

The three important factors in grain growth 
are grain size, temperature, and obstructions. 
When a grain is cold-T/orked, a large number of 
fragments are formed, some large and some small j 
each, however, is a crystal fragment capable of 
growth when temperature permits. If the tem- 
peratvire is raised rapidly to a point above the 
grain-growth range, all fragments have about the 
same power to grow, and each is opposed by its 
neighbor. Consequently, only a little grain 
growth occiu-s. If, however, the temperature is 
raised to a point just below the grain-growth 
range, only a few fragments have sufficient 
energy to force their orientation upon their 
neighbors, and they grow with little or no oppo- 
sition because they are surrounded by small, 
easily absorbed fragments. If sufficient time 
is given, the aggregate will consist of only a 
few large grains. This condition is designated 
as "exaggerated grain growth." Most annealing 
operations are performed at temperatures high 
enough to produce a moderate grain size, since 
coarsely grained metal is not particularly de- 
sirable in industrial applications. 

ALLOYS 

An alloy is a mass of metal containing more 
than one element, which has solidified from a 
melt that was a single homogeneous liquid at 
some temperature above the melting range. Molten 
lead and aluminum are practically insoluble in 
each other and when such a mixture of these 
metals is frozen, a layer of lead and a layer of 
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aliaminum are formed. This Is no more an alloy 
than a mixture of oil and water is a solution. 

The simplest form of alloy is the solid so- 
lution such as is formed when copper and nickel 
alloy. If an alloy of these two metals in any 
proportion is inspected microscopically, it has 
the appearance of a pure metal because there is 
only one phase, the solid solution of one in the 
other. The equilibrium diagram is shown in Fig. 6. 
In this case, the melting point is roughly pro- 
portional to that of the two metals; however, 
the alloy does not have a single melting tem- 
perature but is pasty over a small range of tem- 
perature . 
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When a solid solution is formed, the re- 
sulting alloy is usually harder end stronger than 
either metal; its electrical and thermal conduc- 
tivity, and its vapor pressure are less; and its 
recrystallization temperature is usually greater. 

Another simple type of alloy is one in which 
each metal is completely insoluble in the other 
in the solid state. Its equilibrium diagram is 
shown in Fig. 7. Line AE represents the solu- 
bility of silver, and BE the solubility of lead. 
If the alloy is rich in silver and cools from 
the liquid state, pure silver will be precipi- 
tated when the temperatvire reaches that shown by 
the line AE; further cooling resiilts in con- 
tinued precipitation of silver and the remaining 
liquid has the composition shown by the line AE. 
In a lead-rich alloy, pure lead is precipitated 
when line BE is passed. As the composition of 
the liqxiid changes with cooling, a point is 
reached where the two lines cross; belov* this 
temperature the liquid is saturated with respect 
to both metals and they separate side by side to 
form a pectiliar structure which is called a 
"eutectic." It has the lowest freezing point of 
all silver-lead alloys and no alloy is completely 
frozen until it reaches the eutectic tempera- 
ture which is about 310^0. 

An ordinary example of this type of solu- 
bility is that of ice and common salt. The low- 
est temperature at which these can exist in solu- 



tion is about -20OC. Consequently, salt cannot 
be used to thaw ice if the ice is colder than 
-20OC (-5°F) . It should be noted that the chill- 
ing effect of ice and salt mixtures is due to 
the fact that salt dissolves in water or reacts 
with ice with the absorption of heat and the 
resultant solution is liquid to -20oc. 

There is another type of alloy that is more 
conmion than either of the two types given above 
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Fig. 7 

because it is an intermediate case. This type 
occurs when the two metals are only partially 
soluble in one another in the solid state . Silver 
and copper is an example of this. At the eutec- 
tic temperature, each metal is soluble in the 
other to the extent of about 5 per cent. At 
lower temperatures, the solubility usually de- 
creases but not always. 

When such an alloy freezes, the metal which 
separates from the liquid is not a pure metal 
but is a solid solution containing some of the 
other constituent; and the eutectic is composed 
of two solid solutions simultaneously precipi- 
tated . 

The maximum solubility of copper in iron is 
3.4- per cent, whereas the solubility of copper 
in nickel is 100 per cent. To us, these are im- 
portant facts because they permit us to copper- 
braze steel parts easily and to clean copper- 
plated button stems. If the solubility of copper 
in steel were greater, the copper would not flow 
over the surface into the joints which we wish to 
seal but would soak into the metal like water 
into a blotter. If the solubility were zero, the 
copper would not wet the siirface, and conse- 
quently, would not spread over it. Even so, if a 
heavy coating of copper is placed on steel and 
heated above the melting point of copper, the 
surplus r\ms off the surface or collects in pud- 
dles. To avoid this action on the button-stem 
header where a heavy layer of copper is req\iired. 
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the steel is first plated with a layer of nickel 
heavy enough to absorb all the copper and pre- 
vent the puddles which would otherwise form. The 
nickel resists oxidation dtiring stem-making 
better than copper alone, but it could not be 
cleaned up later if the copper were not present. 
During stem-making, the copper is more rapidly 
oxidized at the surface of the metal, and is 
easily reduced to metal during the hydrogen 
cleaning operation which leaves a bright copper- 
colored svirface. 

It may be noted that molybdenum cannot be 
brazed jn hydrogen with copper, because copper is 
insoluble in molybdenum end there is no tendency 
toward wetting of molybdenum by copper. 



Ordinary solder, a lead-tin alloy, is a 
similar case and brings up an important point. 
With the exception of the 65^ Sn - 35% Pb alloy 
which has the eutectic composition, no other com- 
position of these alloys has a freezing point. 
They have freezing ranges and are pasty above 
I8I0C. This means that in soldering a joint, it 
is necessary to heat it above the pasty range 
(above 24.O0C for a i4.0-60 solder) but the finished 
joint should never be heated above I8O0C, be- 
cause liquid metal is present above 180°C and 
weakens the joint. The wiped joints made on 
lead pipes by plumbers were only possible be- 
cause they used a solder low in tin which had a 
long pasty range that permitted molding the 
joint by wiping. 
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NICKEL 

In the manufactiire of receiving tubes, the 
most important metal is nickel, although with 
the advent of the metal tube, iron and steel 
have become important factors. If nickel is 
superseded by steel, it will be largely because 
of the latter' s lower cost, for in nearly every 
respect the properties of nickel are superior to 
those of iron or steel for our piirposes. 

Nickel is used largely because it is a very 
ductile metal and can be drawn or formed into 
the complicated shapes that we require. This 
property of working quality Is due to the ability 
of nickel to work-harden considerably, whereas 
annealed steel on working first softens and 
then work-hardens slowly. This is indicated by 
the stress-strain diagram shown in Fig. 1. The 
working property may be demonstrated by bending 
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a piece of nickel wire or strip and a piece of 
steel both of which have been annealed at 9000C. 
The nickel will bend with a smooth curvature of 
long radius and the steel will bend sharply with 
a short radius. This localized bend is called 
a "break" and is the result of the lack of work- 
hardness . 

Nickel does not have a transformation point 
as does iron, ejid what carbon is retained in the 
metal does not form a hard carbide. It does not 
rust in moist atmosphere, or oxidize readily 
when heated in air. Its oxide is readily re- 



ducible by hydrogen even though it contains siib- 
stantial amounts of water vapor or a few tenths 
of a per cent oxygen. 

Nickel has a fairly high recrystallization 
temperature and will withstand better than iron 
"creep" which is the slow deformation that oc- 
curs with moderate loads at high temperature. 
The vapor pressure of nickel is low enough to 
permit high-frequency heating to about lOOOOC in 
a good vacuum; iron vaporizes somewhat more 
readily. 

Svilphur has a detrimental effect on nickel 
because these elements unite readily to form the 
sulphide. This sulphide has a low melting point 
which causes the grains of nickel to be sepa- 
rated by films of the brittle sulphide. In the 
melting of nickel, oxygen and siilphur are re- 
moved by the addition of a small amount of mag- 
nesium which raises the ductility of the nickel 
and permits hot-working of the metal. 

Nickel is used as the base metal for fila- 
ments and cathodes coated with barium-strontium 
oxide mixtures. In this case, the composition 
of the metal is important. Filaments are heated 
by the passage of current so that the electrical 
resistance at the operating temperature is im- 
portant. Because the filajnents are draped over 
hooks that apply tension which keeps the fila- 
ments taut and straight when hot, the hot tensile 
or creep strength should also be high. Most bum- 
outs of nickel filaments are not the result of 
melting the metal, but the resiilt of too much ten- 
sion. At the operating temperature, the tension 
applied by the hook exceeds the creep strength of 
the filament which is eventually ptilled apart. 
?fhen the lighted filament is broken, an arc is 
formed; the arc fuses the fractured ends and 
gives the appearance of a bum-out. Cobalt is 
often added to nickel to raise both its hot ten- 
sile strength and hot resistance; a high resist- 
ance means a larger conductor which is inherently 
stronger. 

The way in which impurities in nickel affect 
cathode emission is a complicated matter. If re- 
ducing agents remain after the deoxidation of the 
molten nickel, as they always do, the emission is 
higher than when they are absent. The greater 
the amount of reducing-agent residxial, the higher 
the emission . This effect is particularly notice- 
able when these nickels are compared with electro- 
lytic nickel which has poor initial emission. The 
reducing agents that may be present are silicon, 
mEinganese, titanium, aluminiim, magnesium, and 
vanadium. These impurities have other effects. 
A few tenths of one per cent of manganese will 
increase the radiating ability of the cathode 
enough to lower its operating temperature 20oc. 
Titanium reacts with the coating to produce a 
black compound that reduces the temperature 60o 
to 80OG. The effect of impurities in nickel is 
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important and is receiving more and more atten- 
tion. We should soon be able to say which im- 
purities are most important and which have little 
or no effect. 

Nickel is also lised for supports for grids 
because it has sufficient ductility to permit 
the cutting of a notch into which the grid wire 
is laid and then peened securely. The thermal 
conductivity of nickel is good so that the grid 
wires can dispose of their heat and operate 
fairly cool. 

The cross wire or grid wire usually is of 
nickel alloy, such as manganese- or chromium- 
nickel or even a molybdenum-iron-nickel; these 
are cheaper than molybdenum. When grid bombard- 
ment is used on grids of nickel alloys, the tem- 
perature should be carefully controlled because 
their melting points are lower than that of 
nickel and much lower than that of molybdenum. 

The leads and supports in tubes are also made 
of nickel and here the stiffness and annealing 
characteristics are iraportantj impurities are not 
so important, except insofar as they affect these 
characteristics or the thermal conductivity. When 
stems are made, the nickel leads become so hot at 
the point where they enter the glass that they 
are partially annealed. If the annealing is com- 
plete, the lead may be too soft to support the 
attached part properly. An instance of the effect 
of imptirities cti nickel for lead wire was experi- 
enced recently when a glass stem was made with 
one hard and one soft plate lead, but after stem 
making, the hard lead was less stiff than the 
soft lead. The hard lead was much purer than 
ordinary grade A nickel and, consequently, an- 
nealed more readily and resulted In a softer lead . 

The thermal conductivity of the nickel leads 
is important. If one wishes to avoid electroly- 
sis in a rectifier stem, he might do it by making 
the lead of a poorer conductor than nickel, such 
as manganese-nickel or ferro-nickel. But, if the 
anode is so hot that reverse emission from the 
plate is a factor, a pure nickel lead might better 
be used to conduct more heat away from tiie plate. 
The resultant lead woijld be a nice adjustment of 
size and composition to give the proper thermal 
and electrical conductivity and stiffness. 

Nickel is particularly adapted to plate making 
because of its ductility, the absence of any 
transformation from one phase to another and its 
behavior with carbon. Compared with steel, it 
has a greater ductility which permits the more 
complicated shapes to be made 7;ith less diffi- 
culty, as mentioned previously. 

Most plates are carbonized. Carbonization 
is accomplished by the batch process which is 
impractical with steel. If steel were carbon- 
ized under the conditions \ised for nickel, the 
carbon would dissolve in the iron to a much 
greater extent forming iron carbide, which makes 
cutlery as hard as it is. It is apparent that 
any distortion or warping of the plate in this 
hardened state could not be corrected because 
the resiliency and rigidity would be too great. 



If the temperature of carbonizing were reduced 
to a point where the iron carbide does not form, 
the character of the carbon deposit would be in- 
correct. 

Moreover, when iron is heated above 910°C, 
there is a change from the body-c enter ed-cubic 
arrangement to the face-centered-cubic arrange- 
ment which is accompanied by a change in volume. 
Such changes, especially in thin sections resiilt 
in distortion or warping, and repeated excursions 
from one condition to another would result in a 
badly distorted plate. 

To sum up the advantages of nickel would be 
to list its high ductility, freedom from mat or 
oxidation, ease of bright annealing, freedom 
from transformations Involving a change in vol- 
ume, low solubility of carbon and absence of 
carbide, easy weldability, good electron emis- 
sion from oxide— coated surfaces, low vapor pres- 
sure, and good strength and stiffness. 

IRON AND STEEL 

Iron and steel suffer in comparison with 
nickel when properties are concerned but when 
cost is considered they are much cheaper than 
nickel not only because the price per pound is 
less but also because the density is less. Iron 
has a higher melting point than nickel and re- 
tains its magnetism up to a higher temperature 
(770OC); this may be an advantage or a disad- 
vantage depending on whether magnetic shielding 
is desired or not. Much has been written about 
the gas content and permeability of iron to 
hydrogen but the data are conflicting. However, 
it appears that nickel is more impervious at low 
temperature and that iron is more impervious at 
high temperature, possibly only when in the 
gamma state. Since carbon must have much to do 
with this property, the discrepancies in the 
data may arise from variable carbon contents. 
Knoll . and Espe hazard the guess that the dif- 
fusion occurs in the carbon segregated in the 
grain boundaries. 

Very pure iron has a lower vapor pressure 
than nickel while steel has a higher pressure. 
Consequently, it is necessary to make a dis- 
tinction between iron and steel. When steel is 
nickel plated, a combination of the desirable 
properties of nickel and of steel can be ob- 
tained. At present, the main difficulty is in 
obtaining strip steel with a heavy plate of 
nickel evenly distributed. Much nickel has been 
replaced by nickel-plated steel and in the fu- 
ture more will be. 

Fig. 2 shows the microstruct\jre of nickel 
strip and iron strips. The top section is that 
of nickel which is characterized by the short, 
fine, dark lines running in the direction of 
rolling. Some crystals have parallel sides, a 
condition which is characteristic of rolled and 
annealed nickel. The next in order are "Svea" 
and "Armco" Iron which have much the same appear- 
ance. The dark particles are inclusions of slag 
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or oxide . There appears to be little carbon pres- 
ent in these metals. The bottom strip is Swedish 
iron which is distinguished by heavy black lines 




NICKEL 




SVEA IRON 




ARMCO IRON 




SWEDISH IRON 
Fig. 2 - Strip materials. 

of slag. Needless to say, this metal cajinot be 
used for the fabrication of parts due to lack of 
ductility. Furthermore, when such a strip is 
fired ±i hydrogen, blisters are formed where slag 
inclusions are near the sxa~fe.ce, 

TUNGSTEN 

Tungsten and molybdenum are metals whose melt- 
ing points axe so high that no satisfactory re- 



fractories are available for crucibles in which 
to melt them. With the "high melting points of 
these metals, there are several other properties 
that are particiilarly valuable for our work, such 
as low vapor pressure, low gas content, low coef- 
ficient of expansion, high tensile strength par- 
ticularly at high temperature, low specific heat, 
etc. However, it is more practical to take up 
each metal individually, and compare it with 
other metals, and discuss its merits and demerits. 

Tungsten, because it is prepared by the costly 
process of sintering the tungsten powder into 
coherent form without contact with other materi- 
als, is one of the purest metals commercially 
available. The coherent metal is prepared by 
reducing the ptirified oxide with hydrogen. The 
powder so produced is pressed into a bar or slug 
which is consolidated in an atmosphere of puri- 
fied hydrogen by passing a current through it 
such that the temperature is raised nearly to the 
melting temperature. 

Unthoriated filaments usually contain no more 
than 0.02 per cent impurities. The sintering 
process has advantages over the melting process; 
consolidation of the metals begins at the center 
of the slug so that impurities have an opportun- 
ity to escape. However, the greatest advantage 
of this method is that we can add infusible ox- 
ides, like thoria, and still maintain the oxide 
particles finely divided and widely dispersed. 
If this were attempted in a molten metal, differ- 
ences in density and surface tension would result 
in segregation. 

We use two kinds of tungsten. Thoriated tung- 
sten, containing 1.5 to 2.0 per cent thorium oxide 
finely divided and uniformly distributed through- 
out the wire, is used for filaments in power tubes 
because of its high electron emission. More tho- 
ria can be added to tungsten but drav/ing becomes 
difficult and impractical. Life tests indicate 
that the more thoria present, the better the life 
although, at the end of life, about 80 per cent 
of the original thoria remains in the filament. 

The other kind of tungsten is called non-sag 
tungsten. It is essentially pure tungsten. This 
metal is produced by adding to tungsten powder 
limited amounts of silica and alkalis which vapor- 
ize during the heating operations of manufacture, 
and leave only minute traces that greatly influ- 
ence the shape of the grains produced when the 
filament is heated. The mechanism of this grain 
formation is not well imderstood, but the grains 
are quite large, and overlap one another for con- 
siderable distajices. This structure is quite 
stiff at high temperatures and when coiled into 
a lamp filament does not sag diiring life as would 
a thoriated or pure tungsten filament. Non-sag 
wire is used for heater filaments, hooks, and 
supports where hot strength is desired, although 
our temperatures are not so high as to produce 
or require the normal overlapping grains. 

Fig. 3 shows the fibrous structure of drawn 
wire and the crystalline structure developed by 
burning a tungsten filament. 
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The tensile strength of tungsten is very high, 
especially when it is in fine wires in the cold- 
drawn state. Moreover, this high tensile strength 
is well maintained at high temperature although 
it falls off with increasing temperature. Below 
room temperature, the tensile strength is lower 
because of the glass-like characteristics of the 




DRAWN 




ANNEALED 
Fig. 3 - Tungsten wire. 

intergranular cement. Drawn txmgsten at room 
tempera tiire is pliable but has no elongation when 
broken in tension. Annealed or equiaxed wire is 
very brittle and cannot be formed or bent at room 
temperature, but if the temperature is raised to 
between 300O and 4.00°C, the wire becomes quite 
ductile and can be bent or formed easily. If the 
temperature is raised to between 1500° and 1700OC, 
the grains in some lots of non-sag wire begin 
to coalesce or grow, although in appearance they 
are still fibrous; this grain growth results in 
the brittle wire which gives so much trouble in 
heater winding and forming. It is believed that 
brittleness is primarily caused by this action 
rather than by the formation of carbide from the 
graphite left on the surface of the wire after 
wire-drawing. All dravm- tungsten wire before 
annealing is in a severely cold-worked condition, 
which varies with the conditions of wire-drawing 
for larger sizes. Variations in amount of cold 
work cannot be measured but they have a decided 
effect upon the annealing temperature, and cause 



some wire to become brittle and other wire not 
brittle, in spite of the close control in manu- 
facture. Very small amounts of impurities must 
also have a large effect on the annealing temper- 
ature. Much time and money has been spent by the 
lamp companies in an effort to control the work- 
ing qualities of tungsten, but in the twenty-five 
years, the results are none too satisfactory. 

Tungsten possesses the highest modulus of 
elasticity of all metals and it does not decrease 
greatly, even at lOOOOC. A high elastic modulus 
means great stiffness or strength, and reqiiires 
a larger load to produce a given deflection than 
does a lower one. This is particularly important 
for hook or support materieil. The elastic modu- 
lus of tungsten is about twice that of nickel at 
room temperattire , and at 500^0 it is about three 
times as great. It may be noted here that the 
mechanical properties of tungsten, as of other 
metals, are affected by the grain size and rate 
of loading in tensile testing, especially at 
elevated temperatures. 

The thermal properties of tungsten, such as 
vapor pressure, rate of evaporation, heat con- 
ductivity, thermal expansion, specific resistance, 
electron emission, etc., have been thoroughly and 
carefxilly determined by workers here and abroad 
because of the importance of tungsten to the lamp 
industry. The electrical resistance of tungsten 
is about one-half that of nickel, and three times 
that of copper at room temperature. The resist- 
ance rises rapidly and this rise in resistance 
gives us an easy means of measuring the operating 
temperature of our tungsten heaters or filaments . 
This high coefficient of resistance of tungsten 
permits a surge of ciirrent when a tungsten heater 
is lit which reduces somewhat the heating time 
from what it might be if some other metal were 
used. 

The low thermal expansion of tungsten, about 
-4.6 X 10-o/°C, is the lowest of all metals. The 
themial expansion of graphite is about 3.0, and 
that of silica is 0.5 x 10~°. The expansion of 
txmgsten matches that of Nonex glass so closely 
and the adhesion of the oxide to tungsten is 
great enough to permit the making of a good glass- 
to-metal seal, with the result that tungsten is 
extensively used for leads in power and transmit- 
ting tubes utilizing Nonex or hard-glass seals. 
Furthermore, its high electrical conductivity is 
a decided advantage over other metals used in 
seals especially where high-frequency currents 
are carried. 

Dr. Lederer has mentioned the fact that txing- 
sten, when heated in an atmosphere of hydrocarbon 
gas, forms two carbides which aid the emission 
and emission life of thoriated filaments. W2C 
is more stable and, consequently, is the one 
foxmd after burning. Carburizing is used for 
two reasons: to produce thorium from its oxide 
more readily, and to retain the thorium on the 
timgsten surface for a longer period. It is 
particularly fortunate that we can produce thor- 
ium slowly and continuously from finely divided 
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thoria, because this process assures that the 
filament will have a constantly replenished sur- 
face of thorium atoms. If this were not the 
case, an alloy of thorivun and tungsten would very 
rapidly lose its thorium and become depleted, 
because the thorium would reach the surface much 
more rapidly than a monatomic film could evapo- 
rate, with the result that a polyatomic layer 
would be formed and this would evaporate more 
rapidly than a monatomic layer. When a carbur- 
ized tungsten filament is burned, the tungsten 
carbide disappears at a greater rate than can be 
accounted for by the reaction between thoria and 
the carbide. This disappearance mtist result 
from the decomposition of the carbide and the 
vaporization of carbon. A filament in a 50-watt 
tube operated for 500 hours at normal voltage 
would contain no carbide at the hottest part, 
although the emission would show no serious dim- 
inution. Apparently, the effect of the carbide 
remains after its disappearance. The rate at 
which the carbide disappears is a function of 
not only the getter action but also the amount 
of magnesium present. 

MOLYBDENUM 

In less pronounced form, molybdenum has the 
characteristic properties of tungsten and conse- 
quently, is used less widely ii the lamp industry. 
However, in the dra?m state, it possesses a re- 
spectable amount of ductility and elongation; even 
after prolonged heating at elevated temperature, 
the wire is not brittle. For this reason alone, 
it has applications where it is preferable to 
tungsten. We are using molybdenum for support 
hooks, support rods, grid wire, filaments, plates, 
seal-in-wire, getter tabs, and furnace windings 
for high-temperature work. In power and transmit- 
ting tubes, much molybdenim is used where nickel 
is used in receiving tubes. 

Because of its superior working properties, 
drawing, rolling, and forming of molybdenum can 
be perfonned at room temperature, whereas tung- 
sten must be worked hot. In the cold -drawn 
state, its properties are similar to those of 
tungsten; when annealed, molybdenum behaves like 
the ordinary ductile metal. 

At one time, the greatest use of molybdenum 
in receiving tubes was for grid wires, but now 
it has been largely replaced by cheaper nickel 
alloys which also have some other advantages. 
Molybdenum is an excellent grid wire for several 
reasons. Its thermal conductivity is high so 
that heat is transmitted to the support rods 
readily, it has good hot strength so that it does 
not distort when subjected to grid bombardment, 
it possesses ample ductility for making grids 
which will retain their shapes, its thermal ex- 
pansion is low so that there is less likelihood 
of buckling in the tube if the grid is bombarded, 
and the melting point is high enough to permit 
thorough degassing. Six or seven years ago, mo- 
lybdenum was used almost exclusively for grid 



wires but now its use in receiving tubes is limited 
to a few flat grids where other materials can 
not be substituted. There are several reasons 
for this change to nickel alloys. We found that 
manganese nickel, because of its contact potential 
or lower grid emission, enabled us to obtain 
greater power output from tubes like the 45, 4-6, 
and /i.7. Then, too, more receiving types were 
made with cylindrical grids which do not require 
the hot strength of molybdenum and so nickel 
alloys were cheaper and equally satisfactory. 
Furthermore, molybdenum oxidizes readily and its 
highest oxide is distinctly volatile even at at- 
mospheric pressures. During the exhaust of a 
tube, a molybdenum grid may become oxidized and 
be subjected to positive ion bombardment if gas 
is present. Under these conditions, molybdenum 
or its lower oxides are deposited upon the cathode 
which then loses its emission. For these reasons, 
little molybdenum is now used for grid wires. It 
has been replaced by manganese nickel, chrome 
nickel, and even steel. 

Molybdenum is also used in making support 
hooks and leads or tips for tungsten filaments, 
where the superior mechanical properties of mo- 
lybdenum are required. In power tubes, molybde- 
num tips are used between the tungsten filament 
and the nickel lead not only for the sake of the 
added hot strength at the operating temperature 
and the lower vapor pressure, but also because 
tungsten (and also molybdenum for that matter) 
in contact with nickel would form a eutectic 
which would fuse and fail at about 1300OC. 

With the advent of metal tubes, molybdenum 
became an important seal-in metal for hard glass, 
such as 705AJ or 705BA which is used with Femico 
eyelets. The thermal expansion of molybdenum is 
lineax and does not match that of the glass as 
well as does that of Femico or Kovar, but the 
much better electrical conductivity of molybdenum 
gives it a distinct advantage. The electrical 
resistance of Femico is high. Because of the 
small size of the eyelets and short path in the 
glass between eyelet and lead, the latter must be 
kept as small as possible and be made of a metal 
having good conductivity. 

When we started to make metal tubes with 
molybdenum seals, we felt it necessary to fire 
the nickel-^nolybdenumniickel leads in hydrogen 
for one hour at 1100°C in order to remove from 
the surface the carbon that gave gassy seals. 
This treatment was disadvantageous and even 
detrimental. At 1100°, the nickel became ex- 
ceedingly soft and sintered the leads together 
so that it required a large number of girls to 
separate them and to straighten them by rolling. 
Also, some lots of molybdenum woiild recrystal- 
lize near the nickel welds and become so brittle 
that the leads were useless. We soon found that 
the firing of these leads was unnecessary if the 
wire before weldmaking was properly cleaned by 
etching away the outer surface. 

Molybdenum support wires are used in power 
tubes because of their greater stiffness par- 
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ticularly at elevated tenperature , and also be- 
cause they are readily degassed. Molybdenum is 
also used for plates because of its high melting 
point, loir gas content, and its capability for 
forming into useful shapes. However, its ther- 
mal emissivity or ability to radiate heat is 
quite poor as compared with graphite or carbon- 
ized nickel. The thermal emissivity of molybde- 
num plates can be improved somewhat by sandblast- 
ing them. 

Molybdentim getter tabs are used when barium 
is to be flashed from barium-aluminum getter, 
because aluminum does not alloy with molybdenum 
as it does with nickel and a much higher flash- 
ing temperature can- be reached. 

In the manufacture of ooiled-coil filaments 
for present-day lamps, molybdenum has become im- 
portant as a mandrel material because it is 
soluble in dilute nitric acid while tungsten is 
not. During the process of making these fila- 
ments, very fine tungsten wire is wound on a mo- 
lybdenum mandrel. This wire and mandrel are 
then wound on another molybdenum mandrel. After 
the wires are fired at elevated temperature to 
set the tungsten, the mandrels are dissolved in 
nitric acid. The coiled-coil filament is a more 
efficient light source because of the concen- 
tration of the filament into a small space. 

As a heater for cathodes, pure molybdenum wire 
is not particularly adapted, but alloys with tung- 
sten have distinct advantages over pure tungsten 
and were, accordingly, introduced about five years 
ago. One of these from which H wire is made con- 
tains 20 per cent tungsten and another from which 
J wire is made contains 50 per cent. The melting 
point, density, thermal expansion, and stiffness 
of these alloys are intermediate between those 
of tungsten and molybdenum. H wire can be used 
for heaters having cores that act as supports, 
but coreless heaters are made with J wire which 
is stiffar when hot and can support the insu- 
lation without sagging- The advantage of using 
these alloys surises chiefly from the better me- 
chanical properties resulting from the addition 
of molybdenum which gives ductility and freedom 
from brittleness. The factory shrinkage, es- 
pecially in wire drawing and cleaning, has been 
reduced considerably by the use of H and J wires. 
Heaters made from these wires have some other 
properties that are not understood because they 
have not been thoroughly studied. When these 
heaters are lighted intermittently, the heater 
cia-rent rises above normal by an amount pro- 
portional to the percentage of molybdenum in the 
heater wire. This increase is not experienced 
with tungsten heaters. Noise and hum with H and 
J wires are somewi^t lower than with tisigsten. 

Fig. 4 shows the effect of annealing tungsten, 
molybdenum- tungsten alloys, and molybdenum for a 
period of 30 minutes at 1800°C . The upper section 
for tungsten shows the elongated grains persist- 
ing; the center section for molybdenum-tungsten 
alloy shows the recrystallization is complete; 
and the lower section for molybdenum shows that 



grain growth has occurred. 

In some power tubes, molybdenum with 20 to 25 
per cent tungsten is used for grid wire where 
more strength is required than is obtainable with 
molybdenum. 
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MOLYBDENUM 

Fig. 4 - Effect of annealing W, Mo-W, and Mo 
for period of 30 minutes at ISOOOC. 

In general, molybdenum is useful principally 
because it combines the high temperature proper- 
ties of tungsten with the ductility found in the 
ferrous and softer metals. 

COPPER 

Copper is used in vacuum tubes where good 
electrical or thermal conductivity, easy reduc- 
tion of the oxide, or softness are required. The 
vapor pressure of copper is rather high so that 
the temperatio-e of copper parts in a vacuum tube 
should not exceed 400° to 500°C. With the excep- 
tion of aluminum, copper is more impervious to 
lydrogen than any other metal. Its limited sol- 
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ubillty in iron and its suitable melting point 
permit it to be used as a solder for joining iron 
parts as mentioned previously. 

Copper is readily oxidized and forms two ox- 
ides, the red (cuprous), and the black (cuprio). 
Unfortunately, the cuprous oxide is soluble in 
copper and remains in the grain boundaries where 
it causes brittleness if the copper is heated 
under reducing conditions. 

Copper is used for lead wires because of 
its flexibility, electrical conduotiTity, and 
ease of soldering. For water-cooled anodes in 
transmitting tubes, it is particularly useful 
because of its ductility, high thermal conduc- 
tivity, and imperviousness to gas. In recent 
years, we have been using copper because of its 
high thermal conductivity for grid support wire 
in tubes where grid emission is important. The 
disadvantages of copper for this purpose are the 
lack of stiffness and difficulty of welding. The 
stiffness of copper can be improved somewhat by 
alloying copper with elements that have little 
effect on the thermal conductivity, such as Ag, 
Cd, Cr, Sn. 

GLASS-TO-METAL SEALS 

At the outset of this subject, it is well 
to make a distinction between a me-^1 -In -glass 
seal, such as is made in all glass tubes and the 
glas s-in-metal seal like the eyelet-to-glass or 
insert-to-glass seal of the metal tubes. The 
difference is that in the former case, the wire 
is imbedded in the glass and in the latter, the 
metal surrounds the glass. This distinction is 
important because a metal that will make one 
seal may not make the other, especially if the 
seal is large. In making these seals, it is 
highly desirable that the joint between glass and 
metal be in compression to avoid the tendency for 
the parts to separate. All materials and joints 
are stronger in compression than in tension. In 
order that compression can be maintained in the 
seal, the metal should have less expansion, or to 
express it more exactly, less contraction than 
the glass in a metal-ln-glass seal; and in a 
glass-in-metal seal, the glass should have the 
lower contraction. The earliest seal-in metal 
was platinum, because its expansion was approxi- 
mately that of glass. Platinum forms no oxides 
to complicate the seal and Its electrical conduc- 
tivity is good, being about equal to that of 
nickel . Platin\m was used exclusively until about 
25 years ago when dumet was developed by Eldred 
and Fink. 

It happens that the thermal expansion of iron- 
nickel alloys varies widely with composition and 
that the expansion of some other alloys matches 
that of glasses. The nickel alloys never made 
good metal-in-glass seals j although with 48 per 
cent Ni, the expansion was about that of platinum 
but the electrical resistance was high and the 
adhesion of the glass was poor. Eldred' s idea 
was to cover the iron-nickel alloy with a layer 



of copper which carried most of the current and 
gave a better bond with the glass. When the cop- 
per was added, the expansion was increased and as 
a resiilt the nickel content of the alloy was re- 
duced to A2 per cent. Unfortunately, such a com- 
pound wire which we call diunet, does not have a 
simple expansion characteristic. The expansion 
along the wire is about 25 per cent less than the 
radial expansion. The expansion in length is 7.6 
X 10-6 /OQ and the radial expansion is 10.25 x 
10-° /°C. Accordingly, it is necessary to keep 
these seals small by using a small wire of short 
length. In order to improve the adhesion between 
glass and dimet and to protect the latter from 
excessilTe oxidation during sealing-in, the wire 
is covered with a layer of borax. 

Chrome iron containing 27 per cent chromium has 
very good adhesion to glass and an expansion of 
10.5 to 11.0 X 10-6 /oc which is higher than that 
of the soft glasses. This makes it suitable for 
glass-in-metal seals. Its electrical resistance 
is high so that it is not desirable as a condxic- 
tor for a metal-in-glass seal. More chromium 
might be added to iron to reduce the expansion 
but siich metal, with present mill practice, is 
unworkable. Iron with 17 per cent chromium has 
about the same expansion as iron with 27 per cent 
chromivun, but the expansion increases slightly 
faster at the higher temperatures , and every seal 
made with it and No. 12 glass cracks. 

In making chrome-iron- to-glass seals, it is 
our practice to weld the chrome-iron ring into 
the steel header or shell and then bright-anneal 
the latter. This procedure cleans the steel shell 
but covers the chrome iron with chromium oxide. 
The glass is then sealed into the insert or ring 
by pressing a mass of pasty glass into it. The 
seal is very strong. Under comparable conditions, 
seals with nickel-iron are much weaker and fre- 
quently fail. Fig. 5 shows the expansion curves 
of a soft glass and of the metals which are used 
with it. Soft glasses have annealing tempera- 
tiires of about 430OC, and it is desirable that 
the expansion of the glass and of the metal be 
the same up to 430°, if the seal is to be free 
from strain. This is seldom possible because the 
expansions of glasses and of metals do not match 
too well, and the problem is to keep the devia- 
tion as low as possible. 

Since the match between the metal and glass 
is not good and often in the wrong direction, the 
seal may be subjected to alternate tension and 
compression. Furthermore, in the manufacture of 
metal tubes where the glass and metal are hardly 
ever at the same temperatinre until the tube is 
finished, it seems somewhat useless to attempt an 
exact match in the expansion characteristics. 
Due to these differences in temperature, the 
strength of the bond between the glass and the 
metal is the limiting factor. This accounts for 
the failure of the 17 per cent chrome-iron and of 
the 50 per cent nickel-iron when sealed to soft 
glasses. 

We believe that the strength of the bond is 
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governed entirely ly the adhesion of the metallic 
oxide to the metal ^rtiich in turn is a function of 
the thickness of the oxide. During the stem mak- 
ing, the metal is oxidized and 27 per cent chrome 
iron does not oxidize so readily especially if it 
has been preoxidized in a partially bimit gas 
atmosphere which oxidizes the chromium readily 
but not the iron. Iron with 17 per cent chromium 
oxidizes more readily, and copper or nickel-iron 
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Fig. 5 

produce large quantities of oxides unless spe- 
cially protected from oxidation. The glass is a 
solution of a niomber of oxides and has a tendency 
to dissolve the oxides of the seal-in metals but 
the rate of solution is too slow to accomplish 
the dissolving during the period of sealing-in. 
Consequently, the seal consists of metal to me- 
tallic oxide to glass in which the adhesion at 
each interface mtist be strong enough to resist 
the stress introduced by the temperatiu-e grad- 
ients. When the layer of oxide becomes heavy, 
its thermal expansion which differs from that of 
the metal exerts enough force to separate the 
oxide from the metal. This separation results in 
fissures because the oxides are brittle and lack 
flexibility. 

With hard glasses like Nonex, tiingsten is 
quite satisfactory but it must be protected from 
excessive oxidation by beading the wire before 
sealing-in. This operation of beading controls 
the amount of oxide formed by restricting the 
convection of air around the wire. The oxide of 
tungsten is quite volatile so that the accumu- 
lation is negligible, but erosion of the surface 
should be avoided. Tungsten has the virtue of 
high electrical conductivity, but it is too 



brittle and quite expensive. 

With the development of the metal tube, Fer- 
nico and molybdenxim were used with the hard glass 
called G705BA, or No. 704. This glass has an ex- 
pansion somewhat greater than that of Nonex, and 
so molybdenum was found suitable for the metal-in- 
glass seal. The glass-innnetal seal was made with 
eyelets of Femico, or Kovar. These lobalt- 
nickel-iron alloys contain 18 per cent Co, 28 per 
cent Ni, and small amounts of the impiirities or- 
dinarily present in steel. 

Cobalt, when substituted for nickel, has 
the property of reducing the thermal expansion 
of the corresponding nickel-iron alloy, and of 
thus permitting it to be used with hard glasses 
which have lower expansion than soft glasses. 
Furthermore, adhesion is improved by the presence 
of cobalt in the joint, whether it is in the 
glass or in the metal. 

Fig. 6 shows the thermal expansion of the 
hard glasses and of the metals which are ordi- 
neirily used with them. The best seals are those 
in which the expansions of the glass and metal 
are identical below the annealing temperature of 
the glass. Above this temperature, the strains 
caused by inequalities of expansion would disap- 
pear in time. Because this condition of identi- 
cal expansion is very difficult to attain, a 
compromise is made by matching the average ther- 
mal expansion between room temperature and the 
annealing temperatxire of the glass. 
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Fig. 6 

With larger seals, this compromise matching 
is not sufficient and so Femico was developed 
to give a more nearly perfect match with glass. 
Femico is a distinct improvement but the match 
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with glass is not exact and various heats of cult to control because it is easily introduced 

Femlco differ in expansion. The reason for or lost during heating operations. Variations 

this is that small amounts of some impurities or in annealing and amount of cold work have an ef- 

slight variations in the major constituents have feet on the expansion of Femlco, but these are 

a large effect on the thermal expansion. Carbon not important except in large seals, 
has the greatest effect and its amount is diffi- 
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Lecture 9 

GLASS AND ITS PROPERTIES 

G. R. Shaw and C. A. Jacoby 



DEFINITION 

Various definitions of glass have been given 
by different authorities but probably the most 
logical one for our purpose is by Littleton and 
Morey, who state that glass is an industrial ma- 
terial obtained by melting together various in- 
organic oxides (or compounds that yield oxides 
by decomposition during the melting process) and 
cooling the resulting solution so that crystal- 
lization does not take place. 

COMPOSITION 

The various physical properties of glass are 
determined primarily by the chemical composition 
of it. The glasses commonly used for radio tubes 
may be divided generally into soft and hard 
glasses depending upon the temperatxire required 
for working them. 

In the soft-glass group, we have the soda- 
potash-lead glasses identified as No.l, No. 12, 
and No. 816 (Bl^KW), together with the soda-lime 
glass identified as No. 8. The soda-potash-lead 
glasses are used for tube stems where dumet lead 
wires are sealed into the glass stem press. They 
may also be used for chrome-iron seals, as in 
button stems. The soda-lime glass is used for 
bulbs of radio tubes which are sealed to lead- 
glass stems. This glass is also used for some 
special tubes, such as gas phototubes. In this 
case, it is used because it is not attacked by 
the caesium. 

In the hard-glass group, we have the lead-boro- 
silicate glass No. 772 (702P), and the boro-sili- 
cate glasses N0.77A (72£rfJX) and No. 704- (705BA) . 
The lead-borosilicate glass has the trade name 
Nonex and is used for tube stems where tungsten 
lead wires are sealed into the glass stem press. 
It is also used for bulbs. The borosilicate 
glass 774- (726MX) is a chemical-resistant glass 
and has the trade name Pyrex. It is used for 
transmitting and cathode-ray tube bulbs. The 704 
(705BA) glass is used with Femico metal seals 
and molybdenum lead-wire seals in metal tubes. 

All of these glasses contain, and have as there- 
base, silica which is obtained from sand. The 
amount ranges from 57 to 72 per cent in the soft 
glasses and from 72 to 81 per cent in the hard 
glasses. Another important constituent common 
to all the glasses is sodium oxide. The amount 
ranges from 3 to 4. per cent in the No. 816 glass 
and Is about 17 per cent in the No. 8 glass. Of 
all the constituents customarily present In glass, 
sodium oxide is the one which does most to de- 
crease the resistance of the glass. 

All of these glasses contain some potassium 
oxide. The amount ranges from that present as 
an impurity to 10 per cent in some of the soda- 



potash-lead glasses. It serves approximately the 
same pxirpose as sodium oxide in respect to lower- 
ing the viscosity and raising the coefficient of 
expansion, but gives a substantially higher re- 
sistance than does an equivalent amount of sodium 
oxide . 

The hard glasses are essentially boro silicates. 
Pyrex contains about 81 per cent of Si02 ani some- 
what over 10 per cent of B2O3. This composition 
serves as the base for the rest of the series, 
each one being suitably modified to accomplish 
the purposes for which it is intended. Nonex, 
for example, has a percentage of the silica re- 
placed by lead oxide and the resiolt is a glass 
in which the resistance is much improved, even 
though the viscosity range is lowered somewhat. 

In general, the chemical compositions of the 
different glasses may be represented by the fol- 
lowing equations, where x, y, and z are variable 
percentages of the various constituents. 

Lead Glasses 

X Si02 + y PbO + z Na20 + . . . . 
Lime Glasses 

X Si02 + y CaO + z Na20 + .... 
Borosilicate Glasses 

X Si02 + y B2O3 + z Na20 + .... 

CONSTITUTION 

Recent speculations on the constitution of 
glass based on x-ray evidence and studies of glass 
by means of x-rays indicate that the glassy state 
is distinguished by a continuous, randomly ori- 
ented network of atoms. Picture diagrams of soda- 
silica glass and lead-oxide-silica glass are 
shown in Figs, l-*" and 2^, respectively. 

PRODUCTION OF GLASS PARTS 

Lime-glass biilbs in large quantities are pro- 
duced largely on the Coming, continuous-ribbon- 
type, bulb-blowing machine. Glass flows from a 
melting tank to a forehearth, thence through a 



•^ B. E. Warren and A. D. Loring, "X-ray Diffrac- 
tion Study of the Structure of Soda-Silica Glass," 
Jour. Amer. Ceramic Soc, Vol. 18, No. 9, p. 275; 
1935. 

2 George J. Bair, "The Constitution of Lead- 
Oxide Silica Glass," I. Atomic Arrangement, Jour. 
Amer. Ceramic Soc, Vol. 19, No. 12, p. 346; 1936. 
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vertical orifice, and down between two rollers 
which deliver a flat ribbon of glass to a hori- 
zontal ribbon conveyor. As the glass ribbon pro- 
gresses, the glass sags through holes spaced 
about 3.9 inches on centers in the plates of the 
conveyor. Blowheads traveling on top of the rib- 
bon conveyor blow air down into the holes and 
form partially blown bulbs. At the same time. 




Fig. 1 - Schematic arrangement of atoms in 

a soda silica glass. 

(Courtesy of American Ceramic Society) 




Fig. 2 - Atomic arrangement in lead-oxide 

silica glass. 

(Courtesy of American Ceramic Society) 

molds traveling below meet and close around the 
partially blown bulbs into which air continues 
to be blown while the molds revolve around the 
bulb to prevent mold marks. In the final opera- 
tion, the blowheads leave the ribbon, the molds 
open up, and the bulb is exposed to be cracked 
away from the ribbon by a hammer mechanism. The 
unused glass or oullet is returned to the tank 
for remeltlng while the bulbs are transferred 
by conveyor belt to an annealing oven. A more 
detailed description has been given by F. W. 
Preston. 3 

Lead-glass tubing is drawn continuously on the 
Banner- type, tube-drawing machine. Molten glass 
flows from a forehearth over a weir and down to 
a large, revolving, tapered mandrel set at an 
angle. Air is blown through the hollow mandrel 
as it revolves and the hollow cylindrical form 
of glass is drawn down to the proper size as it 
cools into a continuous piece of tubing. The 
diameter and wall thickness are controlled by the 
rate of flow of glass, speed of mandrel, rate of 
draw, and air pressure. At the end of the draw- 



ing operation, the glass is cut into lengths or 
sticks by an automatic cutting wheel. The tubing 
is then gauged, weighed, and sorted before being 
wrapped and packed in bundles. 

The glass-melting process consists of a fusion 
of all batch particles into a homogeneous mass. 
For closed pots, a temperature of LiOOOC is the 
practical limit, but open pots having no crown 
to be considered may be somewhat hotter. In 
tanks, temperatures go as high as 1500°C or 
slightly more, with occasional instances of the 
more refractory glasses reqiiiring even higher 
temperatures. The degree of fluidity attained 
is dependent on the method of fabrication to be 
employed . 

The following tabulation shows the approximate 
working temperatures for soft glass and hard glass 
during the manufacturing operations of flare mak- 
ing, stem making, and sealing- in. 



Operation 


Working Temperature 
OC 


Soft Glass 


Hard Glass 


Flare Making 
Stem Meiking 
Sealing-In 


800 
1000 
1050 


1000 
1250 
1300 



F. W. Preston, "New Lamps for Old," Glass In- 
dustry, Vol. 12, No .8, pp. 159-165; August, 1931. 



At one time, it was believed that the physical 
properties of glasses were affected by the ther- 
mal treatment of the glass in the molten condi- 
tion. Later, it was discovered that dissolved 
clays of the melting container caused the forma- 
tion of a glass of a new composition and conse- 
quently of new physical properties. 

Glass will crystallize in time below some def- 
inite temperature called the devitrification or 
liquidus temperature. If fabrication can be ac- 
complished above this temperature, then there is 
slight danger from devitrification during cool- 
ing, since the cooling of the fabricated article 
is always rapid imtil the annealing zone is 
reached. Commercial glasses, of course, will not 
devitrify in the annealing zone in the time re- 
quired to anneal. The glasses more fluid at the 
liquidus temperature are more easily devl trifled. 

PHYSICAL PROPERTIES 

The chart shown in Table I is for general ref- 
erence and shows the principal physical proper- 
ties of the glasses used in radio-tube manufac- 
ture. From the columns for the refractive index 
and density, it will be noted that the refrac- 
tive index is higher in the case of the heavier 
glasses. 

A. Viscosity 

The viscosity of a glass is of prime importance 
because it determines the working range of temp- 
eratvire during the fabrication of the article to 
be made. Viscosity is that property of a mater- 
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ial or mixtiu-e which resists flowing when a force 
is exerted upon it. The unit of viscosity is the 
poise. It is defined as the force exerted tan- 
gentially on one square centimeter of either of 
two horizontal planes one centimeter apart, which 
will move the one plane at the rate of 1 cm/sec . 
with reference to the other, the space between 
the two planes being filled with the viscous 
liquid. Expressing this definition by an equa- 
tion, we have 



where , 



VA 

p = viscosity in poises 
F = force in dynes 
A = svirface in sq.cm. 
V = velocity in cnv^sec. 



1) _Fabr ication — At the fabrication point, 
or the time when the glass is drawn from the pot 
or tank, its viscosity should be 105 poises. For 
purposes of comparison, the viscosities of some 
other substances at room temperature are: 



Substance 


Viscosity 
Poises 


Water 

Glycerine 

Glucose 


0.01 
10 

1000 



2)_Softenl5g_Point — Glass has no definite 
melting point but the softening point of all 
glasses is designated in this coixntry as the 
temperature corresponding to a definite viscosity 
of ^.5 X 10''' poises. As a check on the manufac- 
turing operations in the glass works, the follow- 
ing test has been installed. The softening point 
is determined as that temperature in degrees 
Centigrade at which a glass fiber (diam. =0.55 
to 0.75 mm ± 0.01mm; length = 23.5 cm) will elon- 
gate under its own weight in a special furnace 
at the rate of 1 mm/mln. Commercial variations 
permitted in the value of this constant are: ± 5°C 
for glasses having a coefficient of expansion per 
°C above 50 x 10-7, and ± 10°C for glasses below 
50 X 10-7. 

3)_Annealing_ Point — The annealing point 
is designated as that temperature corresponding 
to a viscosity of 2.5 x lol3 poises. It is also 
defined as the temperature at which 90 per cent 
of the strain in the glass is removed in 15 min- 
utes in a glass sample I/4 inch In thickness. 
This temperature is sometimes called the upper 
annealing temperature. 

A) _Strain_ Point — The strain point is 
designated as that temperature corresponding to 
a viscosity of A.O x 10^ poises. It is also de- 
fined as the temperature at which 90 per cent of 
the strain is removed in J+ hours in a glass sam- 
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pie 1/4 inch in thickness. This temperature is 
sometimes called the lower annealing temperature 
below which permanent strain is not introduced 
at ordinary rates of cooling and above which an- 
nealed glass cannot be reheated without introduc- 
ing permanent strain and requiring a reannealing 
to remove the strain. 

5)_Viscositjr_ Curves — Fig. 3 shows the 
viscosity curves of glasses No.l, No. 8, No. 12, 
Nonex, and Pyrex. The temperatures at the fabri- 
cating point of 10^ poises for each of the glasses 
are indicated on the curves as are also the temp- 



between stress and strain is given by the equa- 
tion 

F = SE 
where, 

F = the stress in kg/cm^ 

S = the strain in cm/cm 

E = the modulus of elasticity in kg/cm^ 

The study of strains in glass involves the 
theories of elasticity and heat conduction. When 
a slab of glass of certain thickness is heated, 
a temperature gradient is set up by the conduc- 
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Fig. 3 - Viscosity c\irves of several glasses. 

eratures at the softening point of 4.5 x 10? 
poises. Fig. 4 gives graphical data on a contin- 
uation of the viscosity of the various glasses 
down into the lower temperature ranges. These 
curves are logarithmic and are of the form 



log p 



or 



B E 



where , 



p = viscosity in poises 

T — absolute temperature in degrees 

A and B = constants. 

6) _Anjiealiji£ — The term annealing as used 
in connection with glass is not the same terra as 
is used in connection with metals which lose 
their hardness when heated. When glass is an- 
nealed, the internal stress is removed without 
the glass becoming soft. Technically, annealing 
consists of the removal of a portion of the stress 
by a heating schedule and then cooling the glass 
at a certain rate so as to allow a desired amount 
of stress to remain in the glass at room temper- 
ature. 

The terms stress and strain are frequently 
used when annealing is discussed. Stress is the 
force per unit of area. Strain is a relative de- 
formation resulting from a stress. The relation 




Fig. 4 - Viscosity of glasses between annealing 
and strain points. The intersection of lines 
A, B, C, D, and E with the viscosity curves for 
the vai-ious glasses indicate the temperature 
intervals at which the viscosities are doubled, 
as shown in the tabulation immediately preced- 
ing Table II. 

tion of heat from the outer to the inner layers 
through the glass. The outer layers are hottest 
and any movement is resisted by the inner layers 
of the glass. The result is a compression in the 
outer layers and a tension in the middle. If, 
now, the temperature is allowed to become uniform 
throughout, then the thermal gradient, and hence 
the stress, will disappear. When the glass is 
cooled, the reverse condition is true. There is 
a tension in the outer layers and a compression 
in the middle. Strain introduced in the glass 
by removal of the temperature gradient is called 
ordinary or permanent strain. Strain introduced 
by viscous yielding of the glass when it is be- 
ginning to cool is called reverse or temporary 
strain. Glass may receive a permanent strain 
when cooled from a high temperatxire down to a 
room temperature. 
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Fig. 5 shows a piece of glass 2 centimeters 
thick cooled from a high temperatiire , i.e., above 
the annealing range . A permanent strain is intro- 
duced when the teniperatiire gradient is smoothed 
out as the glass cools to room temperature. If 
the amount of permanent strain exceeds the 
strength of the glass, a fract\jre will occur. 
The object of annealing, then, is to reduce the 
permanent strain in the glass to a safe limit. 



w 



cr 



Fig. 5 — Diagram showing in several stages how a 
slab of glass cooled at a uniform rate from a 
sufficiently high temperature receives an in- 
ternal strain only when the cooling is stopped. 
The abscissae represent distances in a direction 
normal to the surface, and the ordinates repre- 
sent temperatiire (full lines) or strain (dotted 
lines). (From Jour. Franklin Inst., Vol. 190, 
No. 5, page 602; 1920) . 



fined as the temperature for annealing a piece 
of glass 1/4. inch thick in 15 minutes. Doubling 
the thickness decreases the annealing temperature 
by twice the temperature interval necessary to 
double the viscosity. Doubling the thickness in- 
creases the annealing time by 4, or the anneal- 
ing time is proportional to the square of the 
thickness of the glass. It will be noted that 
what is called the annealing point is really the 
point at which the viscosity is 2.5 x 10^3 poises. 
Physically, this represents the point at which 
there is sufficient mobility within the glass 
structure to pemiit the movement necessary to 
relieve any strains set 15; within a definite per- 
iod of time (15 minutes for a glass thickness of 
1/A inch) . Since the rate of release of strain 
increases so rapidly above this point, the same 
care does not need to be taken in the region 
above as in the region below. When the viscosity 
increases to 4. x 10-^ poises, or 16 times at the 
annealing point, the time required for the re- 
lease of any strains has increased by the factor 
of 16, or by 4 hours. 

The temperature intervals for doubling the 
viscosities of the different glasses are shown 
in Fig. 4» The temperature interval to double 
the viscosity is 



If the glass is heated to some moderate 
temperature at the lower end of the aiuiealing 
range, but without thermal gradient, a reverse 
or temporary strain is introduced at the begin- 
ning of the cooling which will exactly balance 
the ordinary or permanent strain set up when the 
temperatiore gradient is smoothed out as the glass 
cools to room temperature, as shown in Fig. 6. 
The resultant strain is zero. Glass cooled from 
some intermediate temperature will acquire in- 
ternal strain, the amount of which will lie be- 
tween the amounts received in the previous two 
cases discussed. 



m _ Annealing Point - Strain Point 
4 

Example: Temperature interval to double viscosity 
for No. 12 glass is 



_ 431°C - 395°C ^ 36 ^ 90C 
4 4- 



The temperature intervals for the different 
glasses are listed in the following tabulation. 



■«w 



Fig. 6 - Similar to Fig. 5 except that the glass 
is cooled from a temperature below the annealing 
range, in which case no permanent strain is in- 
troduced. (From Jour, Franklin Inst., Vol. 190, 
No. 5, page 603; 1920). 



Glass 


Temperature 
Interval(OC) 


No.l 

No. 12 
No. 816 
No. 704 
No. 8 
Nonex 
Pyrex 


9 
9 

8.75 
8.5 
8.75 
8.75 
10.75 



In general, the strain remaining in a piece 
of glass is eqiial and opposite in sign to the re- 
verse strain lost by viscous yielding of the 
glass in the early stages of the cooling process. 

The standard annealing point has been de- 



The annealing temperatures and times for 
the various glasses of different thickness are 
indicated in Table II. 

The initial cooling rate for annealing a 
piece of glass is derived from the fundamental 
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Table II 



Glass 
Thickness 


Annealing 

Time 
min : sec 


Annealing Temperattire of Varioiis Glasses 
°C 


inches 


nun 


No.l 


No. 12 


No. 816 


No. 704 


No. 8 


Nonex 


PjTex 


.50 


12.70 


60 : 00 


407 


413 


415 


467 


492 


503 


531 


.25 


6.35 


15 : 00 


425 


431 


433 


484 


510 


521 


553 


.125 


3.17 


3 : 45 


443 


449 


451 


501 


528 


539 


575 


.0625 


1.58 


: 56 


461 


467 


467 


518 


544 


555 


596 


.0312 


0.79 


: U 


479 


485 


485 


535 


562 


573 


618 



equations by Adams and Williamson.^ The cooling 
rate ho in OQ per minute is given by 

AN« 



BF 
ho = — - = 



where. 



B = birefringence constant 
F = stress in kg/cm* 
ANg = final stress in optical units 
= 2.5 millimicrons per centi- 
meter of glass thickness 
C = constant 



a B a^ 



X 10^ 



, 1 2 
6k| — + — 

l6R 9K 



3.2 a^ for Pyrex 



where, 

a = coefficient of expansion/°C 
K = thermal diffusivity 
heat conductivity 

density x specific heat 

= :; — (cffi^/sec) 
d s 

R = modulus of rigidity 

K = modulus of compressibility 

a = semi-thickness of glass 



If we assime that a piece of Pyrex glass 
has a semi-thickness of 0.5 centimeter, 

C = 3.2 X 0.25 - 0.8 



^ Adams and Williamson, "Annealing of Glass," 
Jour. Franklin Institute, Vol. 190, No. 5, pp. 
597-631; No. 6, pp. 835-870; 1920. 

L. H. Adams, "The Annealing of Glass as a Phys- 
ical Problem," Jour. Franklin Institute, Vol. 
216, No.l, pp. 39-71; 1933. 



Substituting, we find that the initial cooling 
rate for the piece of Pyrex 1 centimeter thick is 

ho = 2.5/0.8 = 3.12°c/min. 

After the initial cooling rate, the rate of cool- 
ing is given by 



fax =- 

2 



1 + 2 



T - T 
80 



where , 



hjj = new cooling rate in oc/min. 
Tx = new temperattn"e in OC 
ho = original cooling rate in °C/min. 
Tq = original temperature in ^C 

Assuming temperature intervals of 20°C, we 
can calculate the following values for h^. The 
actual time of cooling per interval is obtained 
by dividing the temperatvire intenral by the rate 
of cooling for that intejrval. 



Cooling Rate 
(oc/min) 


Time 

Interval 

(min) 


1^0 


= 


3.12 


6.41 


^0 


= ^(1 + 2) = 1.5 ho = 


4.68 


4.27 


h^O 


= ^(1 + 4) = 2.5 ho = 


7.80 


2.56 


h60 


= :^(1 + 8) = 4.5 ho = 


U.05 


1.42 


^^80 


= ^(1 + 16) = 8.5 ho = 


26.50 


0.75 


^100 


= :^(1 + 32) = 16.5 ho = 


51.50 


0.38 


^^120 


= :^(1 + 64) = 32.5 ho = 


101.40 


0.19 
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The maxinam cooling rate for Pyrex is given by 
the equation 



s- 



200 _ 200 
C ~ 0.8 



= 250°C/min. 



The cooling rates are Inversely propor- 
tional to the square of the glass thickness, and 
may be expressed by the formula 



h = 



AN, 



ANc 



3.2 a' 



The cooling rates for several thicknesses 
of Pyrex glass at temperature intervals of 20° 
are shown in Table III. 



Fig. 8 shows a typical annealing curve of 
the rotary electric annealer as used in our plant 
for annealing glass stems, and is illustrative 
of the type of heating and cooling required in 
such practice. 

B. Coefficient of Expansion 

The expansion curves of the various glasses 
are shown in Fig. 9. The expansion is usually 
given for the range between 0° and 310°C, but 
oonsideratiwi must be given to the entire cxirve 
when it is being used to select a glass for seal- 
ing to a given metal or ceramic. 

The glasses used jn radio-tube manufacture may 
be classified into two groups according to whether 
their coefficients of expansion per °C are above 



Table III 



Pyrex Glass 
Thickness (mm ) 


Cooling Rate (°c/min) - 


— Temperature Integrals of 20°C 


ho 


^20 


^40 


h60 


*^0 


hlOO 


^^120 


20 


0.78 


1.17 


1.95 


3.51 


6.62 


12.87 


23.30 


10 


3.12 


4.68 


7.80 


U.05 


26.5 


51.50 


101.40 


5 


12.i(^3 


18.72 


31.20 


56.20 


106.0 


206.0 


- 


2.5 


49.92 


74.88 


l?/i.8 


224-8 


- 


- 


- 


1.25 


199.68 


299.5 


- 


- 


- 


- 


- 



Fig. 7 shows a typical annealing curve for 
Pyrex glass 1/4 inch -tiiick plotted from Coming 
data. The glass is heated and cooled from one 
side only, as in a hollow cylindrical tube. In 
this case, the heating time and cooling time are 
doubled to allow for heating and cooling from 
the outside surface. 



or below 50 x 10"'''. The lead and the lime glasses 
fall under the first group with a range of from 
87 x 10-7 to 92 X 10""^. The borosilicate glasses 
fall under the second group with a range of from 
32 X lO-^ to 46 X 10~". The variation permitted 
in the expansion of a given glass is ± 2 x 10-7 
for glasses above 50 x 10-7 and ± 1 x 10—7 for 





.. 




■ 


































































































































































































































































m^i£^ 










































































































































































































































































































































««\A 




















































































^ 




































































s 














































^ - 






















h 














































































































' Ann 




































































































































~ 




























\ 








































































































J. 


































































K ■%nn 




































































































































^ 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































K5 


20 


M 








46 

T 


K 


z 




M 


l^ 


u 


T 


E 


6 








» 


6 








A 


6 






M 












4 5 6 

TIME -MINUTES 



Fig. 7 - Typical annealing curve for l/4"-thick 

Pyrex glass. 

(After Coming data) 



Fig. 8 - Typical annealing curve for glass stems. 
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glasses below 50 x 10"'''. 

In the design of glass-metal seals , the selec- 
tion of the proper glass to match the metal de- 
pends en the type of seal to be made. In general, 
it is important to remember that the glass should 
always be left in a state of compression when the 



^-osANNEALINC POINT 
(set rio.») 



2 
u 



I I I I I M I I I M I I I I 




sao 466 

TEMPERATURE - X 

Fig. 9 - Expansion curves of various 
glasses. 

seal is cooled down to room temperature, provided 
the safe compressive strength is not exceeded 
which might cause a failure of the glass seal. 
The points marked on the expansion cxirves in 
Fig. 9 are the standard annealing points given 
in Table I. 

C. Thermal Endurance of Glass 

Thermal endurance is that property of glass by 
which it can withstand sudden changes of temper- 
ature without breaking. Denoting this property 
by F, we have 



F = 



K 



o E V d s 



where. 



P = tensile and compressive 

strength in kg/cm^ 

a = coefficient of expansion/^C 

E = elastic coefficient (Young's 

modulus) in kg/cm^ 

K = thermal conductivity 

in cal/cm/°C/sec. 

-— = thermal diffusivity in cni*/sec. 

ds 



Each of these factors will now be discussed. 

l)_Tensile and Com£ress_ive Strength — When 
stresses exceed the tensile or the compressive 
strength of the glass, fracture will occur. When 
sudden cooling takes place, the tension in the 
surface layers is the greater stress. Sudden 
heating causes a high surface compression. The 
safety of glass depends upon its tensile strength 
because the compressive strength of glass is al- 
ways greater than the tensile strength. It is 
evident that glass will more readily withstand 
sudden heating than sudden cooling. Values for 
tensile strength and compression strength are 
not well coordinated, but for purposes of any 
ordinary calculations, the following values may 
be used. 



Glass 


Tensile Strength 


Compressive 


Strength 


lbs ./in. 2 kg/cm^ 


lbs ./in. 


kg/cm 


Hard 
Soft 


10000 700 
6000 ii20 


170000 
114000 


1200 
800 



An inspection of the figures shows immediately 
why compressive strains are more desirable than 
tensional strains. 

2)_Coe_fficientcf Expansion — Sudden cool- 
ing of glass causes the surface layers to rapidly 
contract and throws them into a state of tension, 
while at the same time the interior is thrown 
into a state of compression as previously out- 
lined. The reverse is time when the glass is 
suddenly heated. This action is best explained 
by the fact that any movement of the outer lay- 
ers is resisted by the inner layers of the glass. 
Consequently, there exists a neutral zone where 
there is zero stress between the inner and outer 
layers during heating or cooling. The greater 
the rate of thermal expansion or contraction, the 
more intensely will glass be stressed. Glasses 
with relatively low thermal expansion will show 
the highest thermal endurance. The thermal en- 
durance of the various glasses is inversely pro- 
portional to their coefficients of expansion by 
actual test and is so indicated in the above 
formula . 

3 )_ Elastic _Coeffic lent (Young^s_ Modulus) — 
Low elasticity favors thermal endurance since 
the stress set up by local strains will be less 
than in glass with a high elastic coefficient. 
Values for elasticity are as follows: 



Glass 


Elastic Coefficient 


lbs/in. 2 X 10-^ 


kg/cm^ X 10-^ 


Hard 
Soft 


9.23 
8.88 


0.650 
0.625 
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4)jrhermal Conduct ivitj; — High thermal con- 
ductivity favors thermal endurance since heat 
suddenly applied locally is rapidly transferred 
through the glass and stresses due to unequal 
expansion are minimized. 

5) Thersnal_Diffusivitj — Thermal diffusiv- 
ity denotes the rate at which the interior of the 
glass is heated or cooled from the outside. It 
depends on the thermal conductivity (K) , the 
density (d) , and the specific heat (s). 

The thermal endurance depends upon the 
square root of the diffusivity. A glass having 
four times the diffusivity of another glass will 
consequently have twice the thermal endurance of 
the other glass. The higher the diffusivity, the 
higher the thermal endurance, everything else be- 
ing equal. 

A list showing the thennal endurance of the 
various glasses in percentage of that of Pyrex 
is given below: 



NagSiO^ + (x + 2) HgO = HgSiO^ 



XH2O + 2NaOH 





Thermal Endurance 


Glass 


% 


Pyrex 


100.0 


Nonex 


89.5 


No. 705 BA 


71.7 


No. 8 


27.7 


No. 12 


20.6 


No.l 


20.5 


N0.8U KW 


19.3 



D. Weathering 

One of the soiirces of failure of glass is the 
weathering which occurs in the case of exposure 
to the atmosphere. The atmosphere always con- 
tains moisture and gases, such as carbon dioxide. 
In cities, small amounts of ammonia, sulpheretted 
hydrogen, and sulpherous and sulphuric acids are 
also usually present in the atmosphere. After 
more or less prolonged exposure to the atmosphere, 
the surface of windov; and similar types of glass 
is roughened and becomes coated with an irides- 
cent or opalescent coating. With optical glass, 
atmospheric weathering is of extremely great im- 
portance. The formation of a slight film on 
lenses is often disastrous in its results on ex- 
pensive and delicate optical combinations. The 
matter is further complicated by the fact that 
glass of relatively poor chemical stability has 
to be used sometimes in order to obtain other 
desired properties. 

The nature of weathering and chemical attack 
is worth considering. Moisttire in contact with 
glass is first of all adsorbed and then absorbed. 
The resulting hydration is succeeded by the hy- 
drolysis of the soluble silicates forming part 
of the complex silicate mixture of which glass 
consists. In a soda-lime glass, such as No. 8 
lime-glass bulbs, sodium metasilicate is the most 
soluble silicate present and hydrolysis chiefly 
results in the liberation of sodium hydroxide and 
silicic acid according to the equation: 



The caustic soda passes into solution while the 
silicic acid (which contains an uncertain number 
of molecules of water of hydration) is also to 
some extent soluble, and again is partly mechan- 
ically removed, often giving the water a turbid 
appearance. The action of the water is not al- 
ways on the surface, for it can be shown that in 
many cases the water penetrates to an appreciable 
depth below the surface, which, on subsequent 
heating and drying, shows a large number of mi- 
nute cracks giving the glass a dull appearance. 

The attack of a moist atmosphere upon glass 
results in the absorption of appreciable amounts 
of water, and it is found that glasses best re- 
sisting the attack of water condense the least 
moisture upon their surfaces. The condensed wa- 
ter attacks the glass, breaks down the silicates, 
and leaves a solution of caustic alkali on the 
surface of the glass as previously explained. 
V/hen the air contains carbon dioxide, a further 
reaction occurs between the gas and the alkali, 
and resiilts in the formation of a carbonate. In 
the case of soda glasses, sodium carbonate will 
result according to the equation: 

2NaOH + CO2 = Na2C03 + H2O 

The sodium carbonate so produced, when appreci- 
able attack occurs, crystallizes out in fine nee- 
dles upon the surface and the white deposit re- 
sults in the dimming of the glass. By rubbing 
off the crystals with a dry cloth, the surface 
of the glass may be badly scratched, but the de- 
posit can be removed without damage by washing 
with water. Washing, however, will not remove 
the surface layer of silica obtained by the hy- 
drolysis, so that a filmed glass surface can 
never be satisfactorily cleaned with water alone. 
Atmospheric attack on potash glasses results 
in the formation of potassium carbonate, a sub- 
stance so deliquescent that it does not crystal- 
lize out, but leaves a moist, greasy deposit upon 
the glass when the surface is badly attacked. 
The attack of moist air on alkali-silicate glass 
is intensified by heating and effects have been 
made visible in 12 hours at SQOC in a moist at- 
mosphere. Glasses high in lead-oxide or barium- 
oxide content are susceptible to attack by acid 
vapors in moist atmospheres and show filming and 
dulling of tlie surface. 



ELECTRICAL PROPERTIES 

A. Electrical Resistance 

The resistance of the various glasses is shown 
in Fig. 10. It will be noted that the resistance 
of No. 8 lime glass is very low in comparison with 
the resistances of the other glasses, In fact, it 
is only about 5 per cent of the resistance of 
Pyrex at a temperature of 250"C. 
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The resistance depends upon the chemical com- 
position and glasses which contain the least so- 
diTom generally have the highest resistance be- 
cause, in the range of chemical compositions, 
sodium has the highest conductivity. 
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Fig. 10 - Resistance of various 
glasses. 

The specific resistance of glass is given in 
terms of ohms per cm cube over the range of oper- 
ating temperatures used in radio tubes. The max- 
imum resistance of each glass at a given temper- 
atiure is not limited in manufacture. The minimum 
is minus 10 per cent for Nos.l2, 704., and 816 
glasses and minus 25 per cent for all other 
glasses. It will be noted that Nonex, although 
having a relatively high softening point and low 
expansivity, is not any better than No.l lead 
glass as far as resistance is concerned. 

The temperature of glass also determines its 
electrical resistance as shovm on the graphs which 
are straight lines according to the equation 



log R = — + 
T 



or R = B E 



where , 



R = specific resistance in ohms/cm^ 
T = absolute temperature in ^C 
A and B = constants 

The condition of strain in the glass also de- 
termines its resistance. It has been found that 



a well-annealed glass has from 2.5 to 3 times 
the resistance of an unannealed sample. 

The presence of electrolysis in glass is an- 
other factor affecting its resistance. If a high 
d-c potential difference is applied to two elec- 
trodes embedded in glass, a current will flow 
between them. The value of the current is a func- 
tion of the geometry, the composition, the condi- 
tion, and the temperature of the glass. Conduc- 
tion is ionic (not electronic), and as a conse- 
quence, electrolysis with the accompanying de- 
composition is always present under such condi- 
tions. Faraday's lav/ is obeyed and positive 
metal is deposited at the cathode and oxygen is 
liberated at the anode. The main portion of the 
current is carried by the positive sodium ion, 
because it is_ more mobile than the large negative 
silicate ion. The soditun ion migrates to the 
cathode and is deposited. However, as soon as 
it is deposited, its charge is neutralized and 
it becomes a sodiijm atom. Being very reactive, 
it practically always reacts with tlie glass in 
some way. In the case of the lead glasses used 
for stems, the sodium atom reduces the lead oxide 
to lead with the formation of the lead deposit 
around the lead wires. This condition is famil- 
iar to all who have had any connection with stud- 
ies of stem electrolysis. Eventually such action 
results in a leak along the lead wire. 

Electrolysis varies with the operating temper- 
ature of the glass for the reason that the glass 
resistance changes with temperature. It has been 
found that electrolysis is the most troublesome 
in rectifier tubes which have the highest stem 
operating temperatures. The approximate stem 
operating temperature in the type 5Z3 is 250^0; 
in the type 80, 2120Cj and in the type 5Z4, 1980C. 

Referring again to the resistance curves in 
Fig. 10, it will be noted that the horizontal 
line termed the upper limit of electrolysis of 
No. 12 glass passes through the resistance curve 
of this glass at 250OG. This is the limiting 
operating temperature for rectifier- tube stems. 
A type 5Z3 stem of No. 12 glass has a resistance 
of 6000 megohms and an electrolytic current of 
0.05 microampere at 300 volts d.c. From the ge- 
ometry of the stem involving the thickness of 
stem press, the length of the wire-glass seal, 
and space between lead wires, the specific resist- 
ance can be calculated. 

A comparison of resistance for the different 
glasses shown in Fig. 10 would indicate that No. 
816 (81^KW) glass has about three times the re- 
sistance of No. 12 glass at an operating tempera- 
ture of 2500c. Therefore, the expected electrol- 
ysis using N0.8I6 glass wovild be about 32 per 
cent of that with No. 12 glass under the same 
conditions. 

The advantage of N0.8I6 glass over No. 12 glass 
as far as electrical resistance is concerned, is 
not so great as would at first appear from the 
graphs in Fig. 10, because at the safe limit of 
electrolysis the No. 816 glass only has a margin 
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of about 13°C over No. 12 glass. In many instances 
the tube stems made of No .816 glass have shown as 
bad electrolysis as those made of No .12 glass due 
to the fact that the stems were very poorly an- 
nealed . 

All of the resistance values in the curves in 
Fig. 10 were meastired on well-annealed glass. As 
stated previously, a poorly annealed glass has 
from 33 to 4.0 per cent of the resistance of well- 
annealed glass. It will be seen that the reduc- 
tion in electrolysis expected when No. 816 glass 
is substituted for No. 12 glass would be nullified 
by a poor annealing of the No. 816 glass. The re- 
sistance ciu^es of the different glasses would 
be considerably lowered in the case of poorly 
annealed glasses. 
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Fig. 11 - Effect of frequency on power factor 
of glasses at room temperature. 



The factors to be considered for minimum elec- 
trolysis are: high electrical-resistance glass; 
glass well annealed; low operating temperature; 
and maximum lead-wire spacing. 

B. Dielectric Properties 

Intimately connected with the electrical re- 
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sistanoe of a glass are its properties as a di- 
electric. The dielectric constant will range in 
the usual soft glasses between 6 and 8. Hopkin- 
son5 found that the dielectric constant for a 
series of lead glasses with varying quantities 
of lead followed the general relation 

k/d =2.2 

The dielectric constant is somewhat dependent on 
frequency and temperature but not in such a manner 
as to be serious. Variation with temperature at 
high frequencies is less marked than at low fre- 
quencies. In the case of the dielectric loss, 
however, there is a different story. A number 
of measurements made by P . A . Richards and others 
in this laboratory on the glasses used in radio- 
tube manufacture sire shown in Fig. 11. These 
curves show the effect of frequency on the pov/er 
factor of glasses at room temperature. It will 
be seen that in all cases except Nonex glass the 
curves go through a minimum when the measurements 
are carried to sufficiently high frequencies . The 
effect of raising the temperature is very marked 
in increasing the power factor in all cases, but 
unfortunately, there is not siofficient systematic 
data available to present in curve form the in- 
formation on our glasses. Measurements on other 
glasses indicate that a threefold increase in 
power factor may be expected from a rise in temp- 
era tiu-e of lOOOC. 
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Lecture 10 

CONSTRUCTION TRENDS IN RADIO TUBES 

N. R. Snith 



The structural design of radio tubes is a very 
comprehensiTe subject. To go into the detailed 
mechanical design of the parts and electrodes 
entering Into the fabrication of vacuum tubes 
would involve a great many formulae, tabulations 
and design factors that would require nnich more 
space and time than has been apportioned to this 
subject. Consequently, this lecture will be de- 
voted to a short historical review of the various 
mechanical constructions used and a description 
of the various types cf electrodes now available . 
A comparison of the present with the earlier 
constructions will serve to indicate the improve- 
ments made and will provide a more complete un- 
derstanding of the problems involved in struc- 
tural design. 

EDISON EFFECT 

The phenomenon which has played so important 
a part in the development of the radio tube was 
first noted by Thomas A. Edison in 1881. With 
an experimental device similar to that shown in 
Fig. 1, Edison discovered that when an electrode 
was interposed between the legs of an incandes- 




Fig. 1 - Edison's experimental lanp with an 
electrode interposed between legs cf the in- 
candescent filament and connected to the 
positive end of the filament. 



cent filament and was connected to the positive 
end of the filament, a current would flow between 
that electrode and the positive filament termi- 
nal. This phenomenon was called the "Edison ef- 
fect," and a patent was issued covering it in 
1884 . The parts used in this experimental device 
were the same as were then being used in the manu- 
factvire of carbon-filament incandescent lamps 
which had been developed by Edison during the 
previous two years. It is interesting to note. 



that for all practical c<xisiderations, the fun- 
damental design of enclosure suggested in this 
device fifty-five years ago has been retained on 
many tubes manufactured today, and until the ad- 
vent of the dome-top bulb in 1932, was the most 
prevalent design used by American tube manufac- 
tia-ers. 

FLEMING VALVE 

For the succeeding twenty— four years, follow- 
ing Edison' s discovery, no practical application 
was made of the "Edison effect." The first com- 
mercial application was made by Professor J. A. 
Fleming in 1905 when he developed the two-elec- 
trode tube, "Fleming valve," and suggested that 
it be used for the rectification of alternating 
ciirrents. One type of Fleming valve is shown in 
Fig. 2. The similarity of this tube to several 
modem rectifiers is apparent. 




Fig. 2 - One type of Fleming valve. 



DeFOREST AUDION 

The following year, 1906, Dr. Lee Deforest 
added a third electrode, a grid, between the 
cathode and plate. This grid provided a means 
for controlling the current passing through the 
tube. In these first tubes, such as is illus- 
trated in Fig. 3> Dr. DeForest made use of two 
standard lamp flanges sealed into opposite ends 
of a G-I6-I/2 type bulb. The filament was sup- 
ported from cne flange and the leads were brought 
out to a standard mogul screw base. The grid and 
plate were supported from the opposite flange. 
The 25-Hnil nickel grid lead was formed inside 
the tube into a zigzag shape with spaces between 
adjacent zigzags varying between 3/64," aid 3/32" . 
The plate consisted of a piece of 5-mil nickel 
ribbon, 9/I6" square, scribed and sheared out by 
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hand. This was probably the first instance of a 
double-ended construction and of an attempt to 
align the electrodes by setting the glass seal. 

Although Dr. DeForest demonstrated the prac- 
ticability of the Audion (the name which he ap- 
plied to his three-electrode tube) as a detector 
and Bjnplif ier of radio signals in various instal- 
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Fig. 3 - Early type of DeForest triode. 



lations made during 1907, little interest was 
manifested in the development. This may have 
been due, in part, to the fact that both the 
Fleming valve and DeForest Audion were definitely 
limited in iiseful application by the small plate 
voltages which had to be used to prevent ex-cessive 
ionization. The output of the early Audions did 
not exceed six milliwatts. This limitation re- 
sulted from a lack of knowledge on how to degas 
the elements of the tube and obtain a high vacuum. 
Improvements in exha-ust technique were retarded 
by the theory, prevalent at the time, that con- 
duction of current through the tube depended on 
gas ionization and that a small gas content, 
therefore, was essential to successful tube oper- 
ation . 



EXHAUST DEVELOPMENT AND 
FILAMENTARY-ELECTRODE TOBES 

The most important advance in radio-tube de- 
sign following DeForest' s development was con- 
tributed ty Dr . Irving Langmuir, W. C. White, and 
Dr. Saul Dushman. During their investigation of 
exhaust technique extending over a period of four 
years from 1909 to 1913, many improvements in ex- 
haust technique were made. For example, the de- 
gasification of the parts was improved by the 
use of filamentary electrodes. A tube of this 
construction is shown in Fig. 4« Two leads were 
brought out from each of the electrodes to permit 
degasification by heating with a current which 
could be passed throTigh each electrode. The grid 
consisted of tungsten wire wound on a glass frame 
which also included the filament suspended from 




Fig. A - Tube constructed with filamentary 
electrodes. 

tungsten hooks imbedded in the glass. The plate 
consisted of tungsten wire wotmd in a zigzag 
fashion on tungsten hooks imbedded in U-shaped 
glass supports. The glass frames for both grid 
and plate were sealed to and supported from the 
glass stem. Using tubes of this construction. 
Dr. Langmuir was able to obtain outputs as high 
as one ampere with anode potentials of about 200 
volts. Continuation of the work soon led to the 
discovery that a distinct advantage was gained 
by prebaking parts in a vacuum prior to assembly 
of the tube, and by the use of electron bombard- 
ment for degasification of the electrodes. Using 
these artifices. Dr. Langmuir was able, late in 
1913, to produce a triode which would modulate 
as much as two kilowatts at 10000 volts and a 
two-electrode tube capable of rectifying as much 
as 100 milliamperes at 100000 volts. 

Experiments made during the coiirse of this in- 
vestigation led to the discovery by Dr. Langmuir, 
of the 3/2— power formula which has become a fun- 
damental law for the design of vacuum tubes. 

DUMET WIRE 

The development of "dumet wire" by C. G. Fink 
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and its application to lamp-manufacttiring prac- 
tice in 1912 was one of the major improvements 
in constructional procediire. The dumet wire used 
in malcing the vacuum-tight seal to glass had much 
better thermal and electrical characteristics 
than the more expensive platinum press leads 
which it replaced. The initial production of 
radio tubes in 1920 used this material which 
still remains the standard material for seals to 
soft glass. 

WE&GMT VALVE 

Another interesting construction developed in 
1913 was the Weagant valve shown in Fig. 5. In 
this tube the conventional grid consisting of a 
lattice interposed between cathode and plate was 
replaced by a grid external to the vacuum cham- 
ber. This external grid was in the form of a 
cylindrical electrode concentrically aligned 




Fig. 5 - (left) The Weagant valve with the out- 
side electrostatic control element In position, 
(right) The same valve with the con- 
trol element removed. 



base. The stem had a formed-cane glass s\q>port 
sealed to one end of the press . Various timgsten- 
wire supports were imbedded in the cane and served 
to hold the electrodes in correct relationship. 
The filament was platinum coated with barium ox- 
ide. This filament gave much better emission 
than the pure tungsten filaments then commonly 
used. Although the oxide-coated filament was de- 
veloped by the Western Electric Company in 19Li, 
it was not utilized by other mantifacturers until 
the Westinghotise Electric and Manufacturing Com- 
pany annovmced the WD-11 in 1920. The grid used 
in the repeater tube consisted of ptirallel tung- 
sten wires welded across nickel side-rods. The 
grids were made in strip and folded to form the 
two sides. Of especial interest to the engineer 
concerned with end loss is the filament mounting. 
The ends of the filament were clamped into the 
ends of 25-mil copper leads which were sealed 
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Fig. 6 - Early type of Western Electric triode. 



with the cathode stream. Although a tube with 
this ccaistruction was somewhat less expensive to 
manufacture, its low sensitivity and its limita- 
tions as an amplifier when compared with the 
DeForest type made it unsatisfactory for commer- 
cial developaent. 

TELEPHONE REPEATER TUBES 
WITH OXIDE-COATED FILAMENTS 

In 1912 the Western Electric Company became 
interested in the Audion for use as a repeater 
or booster in telephonic communication. A tube 
similar to that shown in Fig. 6 was designed and 
placed in service in 1915 to establish the first 
transcontinental telephone service. The elec- 
trodes were enclosed in a G-18 bulb and the leads 
hroxxght out to a molded composition four-pin 



into the glass stem press. However, tubes of 
this early design were fundamentally satisfactory 
and with slight modifications are still produced. 

TUBES DEVELOPED IN EUROPE FOR WAR SERVICE 

The World War served In 1914- to stimulate fur- 
ther development of the radio tube. The value 
of this device for use in both telegraphic and 
telephonic commimlcation \mder front-line condi- 
tions was recognized and so the French began de- 
velopment of simple, nigged tubes which could be 
made iii quantity with vmiform characteristics. 
One tube used extensively during the latter years 
of the War is shown in Fig. 7. The tube had a 
G-I6-I/2 bulb and a molded composition base with 
long pins. The electrodes were moimted horizon- 
tally. This type of construction has been re- 
tained abroad especially in Holland and Germany, 
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and seems to be preferred to the vertical movmt- 
ing which predominates in American-made tubes. 
The filament was a straight timgsten wire about 
0.83" long moimted along the axis of a spirally 
woimd grid and cylindrical plate. The grid was 
made of lO-mil nickel wire wound in the form of 
a helix 0.7" long with 11 or 12 turns having a 




Fig. 



7 — Three-electrode tube used by the 
French Aray. 



l60-mil diameter. The plate was made from nickel 
ribbon and was about 0.4" in diameter and 0.6" 
long. The filament voltage was 4.5 volts and the 
plate potential 300 to 400 volts- The amplifica- 
tion factor was around 10 and the plate resist- 
ance was about 24000 ohms. The French used this 
tube as detector, amplifier, and oscillator; they 
preferred to sacrifice the advantages of special- 
ized tube designs for the sake of simplifying 
construction and manufacturing problems. 

TUBES DETOIiOPED IN D. S. FOR WAR SERVICE 

When the United States entered the War in 
1917, a demand for large quantity production was 
made upon the manufacturing companies. Having 
had no commercial outlet prior to this time and 
consequently no factory experience, the companies 
were faced with an extremely difficult problem. 

The Western Electric Company had been making 
tubes for telephone service and were in a better 
position to supply tubes on short demand than 
were any of the other manufacturers. Two of the 
first tubes supplied hj Western Electric and 
known under the Signal Corps designations as VT-1 
and VT-2 are shown in Fig. 8. These tubes are 
interesting inasmuch as they incorporated cold- 
rolled steel parts which are now being reintro- 



duced to radio tube manufacture. The oxide- 
coated, platinum— ribbon filament developed by 
Western Electric was used. The plate consisted 
of two sheet-steel elements mounted on either 
side of the filament. They were clamped around 
the stem press at the lower end and supported by 
a lava spacer at the top. The grid also consist- 
ed of two stamped steel elements welded to 
lead wires at the bottom and held at the top by 
wires imbedded in the lava spacer. In the lava 
spacer was imbedded a wire used to support the 
apex of the filament. Except for the grid, the 
whole assembly was very nigged and could stand 
considerable abuse. 

However, these tubes were not suitable for 
adaptation to the high production equipment of 
the lamp industry. Therefore, new designs adapt- 
able to lamp manufacturing procedure were neces- 
sary. The new designs were conceived by lamp 
engineers who so coordinated the procedures for 
manufacturing lamps and tubes that succeeding 
developments in both industries followed along 
together for a considerable period. 




Fig. 8 - (left) Signal Goii)S tube type VT-1. 
(right) Signal Corps tube type VT-2. 



TUBES FOR AMATEUR USE 

At the close of the War and with the restora- 
tion of amateur licenses, there was a limited 
demand for tubes for amateur use. This demand 
was supplied by various concerns manufacturing 
tubes under the DeForest patents. Two of the 
most prominent types were the Myers Audion of 
Canadian manufacture, and the Audiotron (DeForest 
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Audion) distributed hy the Audiotron Sales Organ- 
ization. The former was sold in the United States 
under the name Rac-Audion. 

Myers Audion and Rac-Audiop 

The Myers Audion, shown in Fig. 9, had the 
electrodes mounted on leads extending through 
glass beads at either end of the mount assembly. 
The beads were positioned ly two , heavy side-rods 




Fig. 9 - Myers Audion. 

extending the full length of the tube and sealed 
into the glass press. The vacuum seal was made 
by pressing the ends of the tubular enclosure 
against the leads. This construction was repre- 
sentative of one of the earliest attempts to ob- 
tain \mit-Hnount assembly. 

Audiotron 

The Aiidiotron, shown in Fig. 10, was probably 
the predominant tube used by amateurs in the 
United States from 1918 to 1921. It was a hand- 
made tube using standard lamp flanges sealed in- 
to the ends of a tubular bulb. One flange sup- 
ported two filaments having separate external 
connections while the opposite flange supported 
the grid and plate. The grid was simply a con- 
tinuation of the inner copper lead formed into a 
helix. The plate was made of sheet aluminum 
formed into a cylinder which was allowed to ex- 
pand against the walls of the bulb to hold it in 



position. The plate connection was made by 
threading the inner copper lead thro\igh a hole in 
one end of the plate and bending the lead so that 
it clamped firmly onto the plate material. Com- 
parison of this construction with the high-pre- 
cision tubes of today illustrates most clearly 
the many improvements made in radio tube manu- 
facture during the past eighteen years. 




Fig. 10 - The DeForest Audiotron. 



Marconi Tubes 

Dtiring the latter part of 1918, the Marconi 
Company put two tubes on the American market. 
One was a soft tube (detector) and the other was 
a hard tube (amplifier) . They were both con- 
structed as shown in Fig. 11. These tubes were 
similar to the French type "R" tubes developed 
during the early part of the War. Their sale 
however, was of short duration due to the forma- 
tion of the Radio Corporation of America. 

RADIO CORPORATION OF AMERICA 

The Radio Corporation of America was formed 
on October 17, 1919. It acquired rights from the 
Marconi Wireless Telegraph Company of America and 
from the General Electric Company and subsequent- 
ly from the American Telephone and Telegraph 
Company and the Westinghouse Electric and Manu- 
facturing Company, which enabled the new organi- 
zation to take the first steps in the development 
of radio for public entertainment. 

TUBES FOR BROADCAST RECEPTION 

A little more than a year after the formation 
of tiie Radio Corporation of America, broadcasting 
was begun from Westinghouse station KDKA. This 
occurred in November, 1920. The following month 
(December, 1920), the first RCA tubes were an- 
nounced. They were the UV-200 and the UV-201. 
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UV-200 and UV-201 

The OV-200 was a soft or detector tube, while 
the UV-201 was a hard or amplifier tube. The 




Fig. 11 - Marconi Tube. 

UV-201 is shown in Fig. 12. Both tubes were 
identical in construction and used an ST-14 bulb, 
Navy metal-shell base, pure tvingsten filament, 
molybdenum grid with nickel side-rods, nickel 
plate, small tungsten filament hook, and nickel 




Fig. 12 - Radio tron UV-201. 

inner leads. The only difference between the 
two types was that the UV-200 contained about 50 
microns of argon. The grid wire was shortly 
changed to nickel, but when this proved too soft 
for use on the newly developed automatic grid 
machines, the wire was changed to Nichrome. Ni— 
chrome and molybdenxaa have since been most gen- 



erally used for this purpose. These tubes were 
almost identical in constmotion to the VT-13 > an 
improved design of the VT-11 which was made by 
the General Electric Company far the Signal Corps 
in 1918. They employed one of the two general 
types of oonstruotion used for all receiving tubes 
developed up to 1927. The second type of con- 
struction was used in the WD-11. 

WD-11 

The Westinghouse Company prior to its associ- 
ation with RCA brought out the first dry-cell 
tube, the WD-ll, in 1920. This tube marketed 
later in 1920 by RCA, is shown in Fig. 13. It 
used a straight oxide-coated, platinum filament 
similar to that developed by Western Electric 
several yeai-s previously. The grid consisted of 
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Fig. 13 - Radiotron TO-11. 

a helix welded to a single side-rod which was 
formed above and below the plate to weld to an 
inner lead extending alongside the plate. The 
plate was a section of metal tubing welded be- 
tween side-rods extending from the glass press. 

Peanut Tubes 

The announcement of the UV-200, UV-201, and 
WD-11 in 1920 and the rapid development of com- 
mercial broadcasting was followed by a wave of 
amateur set building. A great many tubes and 
other devices were put on the market for use by 
home set builders. Among these were the so-called 
"Peanut Tubes." The Welsh peanut tube, shown in 
Fig. L4, was one of the most popular of these 
small designs, and was constructed on the prin- 
ciple of the Weagant valve. 

HIGH-FREQUENCY INDUCTION HEATER 

An improvement in the processing of tubes was 



108 



Smith: Construction Trends in Radio Tubes 



made possible by the dsTelopment of the high- 
frequency induction heater in 1920, By means of 
the high-frequency current it produced, the inner 
metal parts of a tube could be heated during ex- 
haust to a higher and more viniform temperature 



change went into production. Through the inven- 
tion of Messrs. L. E. Mitchell and A. J. White, 
the exhaust tube was removed from the top of the 
bulb and brought out through the stem tubing. 
This change was of particular value not only be- 





Fig. 14 - Welsh Peanut Tube. 



Fig. 15 - Radiotron UV-199. 



with the result that better degasif ication of the 
parts was obtained. Also, this device provided 
a means for flashing a gettering material within 
the sealed tube. This procedure resulted in im- 
proved gas clean-up. These developments were 
important to the use of thoriated-tungsten wire 
in radio tube manxtfacture. 

THORIATED-TONGSTEH WIRE 

In 1915 » Irving Langmiiir proposed the use of 
thoriated-tungsten wire for vacuum-tube cathodes. 
This type of filament, when properly activated 
and used in a gas— free tube, was found to give 
superior performance with only half the filament 
power used for pure tungsten. It appeared prob- 
able that suitable tubes could be made commer- 
cially with the thoriated wire provided produc- 
tion eqtrlpment could be improved to get the high 
vacuum required. However, during the latter part 
of 1920, quite by accident, some thoriated-tung- 
sten wire became laixed with the pure tungsten 
wire used for the DV-201. Tubes made with the 
thoriated wire proved so satisfactory that im- 
mediate development of thoriated-tungsten fila- 
ment tubes was considered. Consequently, design 
work on an improved UV-201 and on a new dry-cell 
type of tube was started early in 1921. This 
work resulted in the announcement of the UV-201-A 
and DV-199 in December, 1922. The design of the 
UV-199, shown in Fig. 15, followed closely that 
of the WD-U except that a bead was added to fa- 
cilitate support of the electrodes. 

STRUCTURAL DEVELOPMENTS 

Tipless Stem 

In March, 1924, a most important structiiral 



cause of the greater ease with which tubes coiild 
be handled on the exhaust equipment, but also 
because it eliminated a tubulating operation. 
Also, it paved the way for the later development 
of double— ended tubes. 

Molded Base 

During the fall of 1924» the molded-composi- 
tion base superseded the brass— shell base for 
general use. A progression of other base changes 
started at this time which will be detailed later 
under the subject of bases. 

Channelled Plates 

The use of channels or ribs for strengthening 
and maintaining tolerances on small, sheet-metal 
parts was initiated in parts manufacturing in 
1924.. 

K)WER OUTPUT TUBES 

The development of loudspeakers in 1925 cre- 
ated a demand for tubes capable of delivering ad- 
ditional power. The OX-112, UX-120, and DX-171 
were developed to meet this need. The UX-112 
was a medium-mu tube with oxide-coated filament, 
while the UX-120 and UX-171 were low-mu tubes 
with thoriated-tungsten filaments. The UX-120 
was patterned after the UX-199 while the UX-112 
and UX-171 followed the UX-201-A design. In each 
case, the filament current was doubled. 

FULL^AVE RECTIFIERS 

Early in 1924 the development of B-eliminators 
created a demand for suitable rectifier tubes. 
Development was already under way on a full— wave 
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rectifier tube, to which the designation UV-213 
was assigned in December, 1923- This tube used 
a pure tungsten filament and had a rated d-c out- 
put of 10 milliamperes at 90 - 100 volts across 
the filter input. The need for additional recti- 
fied power was increasing rapidly and so the 
OV-213 was redesigned early in 1924- to use tho- 
riated— tungsten filaments auad accordingly rerated 
at 65 milliamperes at 220 volts. Coincident with 
this change, the UV base was superseded by the 
DX base and the tube was designated as the UX— 213 • 
It was annoimced in September, 1925 • The Raytheon 
BH (neon gas rectifier) with a rating of 85 milli- 
amperes had preceded the TJX-213 on the market and 
was being used by many B-eliminator manufactur- 
ers. The popularity of the BH rectifier, shown 
in Fig. 16, was shared with the QRS and Atwater 
Kent gaseous rectifiers. These three types were 
used extensively in early B-elirainator applica- 
tions . 




Fig. 16 - Raytheon BH Rectifier. 

There was also another filament type of rec- 
tifier which deserves attention because of its 
unique construction. This tube, known as the 
OV-I96, used separate oxide-coated filaments 
with a common anode to obtain full-wave rectifi- 
cation. It was manufactiu:ed exclusively for use 
in the Super-Ducon B— eliminator marketed by the 
Dubilier Condenser Corporation. 

The next improvement in full— wave rectifier 
tubes came with the development of a-e tubes. A 
new rectifier was designed similar to the UX— 213 
but using oxide-coated filaments and having an 
output of 125 milliamperes with an applied a-c 
voltage of 300 volts. This tube was designated 
as the UX-280 and was announced in May, 1927. It 
has remained the most popular rectifier on the 
market to date. 

OXIDE-COATED FILAMENTS 

During the latter part of 1926, the 171 was 



revised to the 171-A by changing from thoriated- 
tungsten filament to oxide-coated filament re- 
quiring only half the filament current. During 
the first few months of 1927, the 112 ms revised 
to the 112-A which likewise required only half 
its former filament ciirrent. Since then, oxide- 
coated filaments or cathodes for receiving types 
have been almost exclusively used. 

MICA CONSTRUCTION 

The lava spacer used in the early Western 
Electric tubes as a mount support and electrode 
spacer had, for cost and manufacturing reasons, 
given way by 1922 to the glass bead. However, 
the glass bead had not proved entirely satisfac- 
tory. It did not provide positive location and 
required several welds with consequent adjust- 
ment of the electrodes after welding. It was 
sufficiently heavy to cause the mount to shift If 
the tube was subjected to a slight impact. Late 
in 1926 the triangular mica spacer was adopted. 
The use of the mica, besides strengthening the 
moiint, proved very beneficial in reducing micro- 
phonics in the UX— 201— A. 

DELAYED GETTER FLASH 

Although several methods of applying getters 
to the tube mount had been tried since the de- 
volojaaent of the high— frequency induction heater 
in 1920, such as painting the parts with solu- 
tions of getter material, welding strips of get- 
ter directly to the parts, or fastening the get- 
ter to the parts by means of straps, the most 
popular method was to weld a strip of magnesium 
to a lower comer of the plate. Then, during 
the heat treatment of the plate on exhaust, the 
getter was flashed. By this method the tempera- 
ture to which the plate was heated to degas it 
depended to some extent on the temperature at 
which the getter flashed. To improve the exhaust, 
the method was modified so that the high-frequency 
field was so directed that practically all the 
plate was heated to a high degassing tempera- 
ture without flashing the getter, and then the 
field was shifted to flash the getter. It was 
found convenient to place the getter on a tab so 
located that it did not get hot enough to flash 
the getter during the degassing of the plate but 
it could be heated to flash the getter after the 
plate was degassed. 



A-C TUBES 



Raw A-C Type 



The DX-226 announced in 1927 was designed for 
raw a-c operation of its filament and was iden- 
tical in construction to the UX— 201— A except that 
the tungsten filament was replaced by a heavier 
oxide-coated type designed to carry more current 
at lower voltage than the 201— A. Although the 
226 was designed as a general-purpose type, it 
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did not perforin as satisfactorily as desired when 
used as a detector. Another type, the indirectly 
heated cathode type, was then considered for this 
purpose . 

Rectifier-Triode Type 

Another construction to receive consideration 
was a single-ended design comprising a rectifier 
and triode enclosed in a single bulb. This ar- 
rangement was suggested by Dr. Hull of the Gen- 
eral Electric Company. 

Pnipotential Cathode Type 

The indirectly heated cathode had been sug- 
gested by Nicholson of the Western Electric Com- 
pany in 1915, but no commercial application to 
receiying tubes had been made of the suggestion. 
As early as 1921, H. M. Freeman of the Westing- 
house Company suggested an a-c unipotential 
cathode construction substantially like the in- 
directly heated cathode now in use. Tubes pat- 
terned after this suggestion were put on the 
market early in 1925 by McCullough and later by 
the Kellogg Company. An illustration of this 
type of construction is shown in Fig. 17. 




The RCA finally adopted a single-ended con- 
struction proposed by the Westinghouse Company. 
This tube, using a new five-pin base, was desig- 
nated as the UI— 227, and was announced together 
with the UX-226 and UX-280 in May, 1927. In 
September, 1927, the first a-c set, the Radiola 
17, using OX-226's as amplifiers and the DY-227 
as detector, was announced. 

THE UX-222 SCREEN-GRID TUBE 
FOR DRI-CELL OPERATION 

An investigation by Drs. Hull and Williams of 
the "shot effect" which had been causing diffi- 
culty in the Armstrong second-harmonic superhet- 
erodyne receivers put on the market in 1924 led 
to the announcement in 1926 of the screen-grid 
tube, known as the OX-222. The 222, illustrated 
in Fig. 18, was the first tube in the receiving 




Fig. 



17 - McCullough tube type with in- 
directly heated cathode. 



Fig. 18 - Radiotron 02-222. 

group which made use of the vacancy left by re- 
moval of the exhaust tube from the top of the 
bulb. The CMitrol grid was brought out through 
a top tubulation and terminated in a small cap 
on top of the bulb. The screen grid was connect- 
ed to the usual grid pin in the DX base. The 
shielding of the input circuit from the outjjut 
circuit was very good. The 222 was a dry-cell 
tube operating with the same filament rating as 
the UX— 120, and was annoiaaced in October, 1927. 
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THE DY-224 SCREEN-GRID TUBE 
FOR A-C OPERATION 

Following closely the developDent of the 
DI-222, the DY-224 screen-grid tube was announced 
in 1928. It was of the unipotential-cathode 
type and had a 2.5-volt heater. The 224- used 
the five-pin base developed for the 227, and 
otheCTd.se was similar to the DX— 222 in construc- 
tion. The 224, 226, 227, and 280 provided for 
the r-f detector, 1st a-f , and rectifier needs 
of a-c sets, but no power output tube was as yet 
available. 

THE DX-245 POWER OUTPUT TRIODE 

The requirement for a power output tube in 
a-c sets was fulfilled by the development of the 
nX-245, similar in all details to the DX-171-A, 
except that it used a heavier filament. The 245 
was capable of delivering an undistorted power 
output of 1.6 watts with a plate voltage of 250 
volts . 

RCA RADIOTRON COMPANY 

At the beginning of 1930, there were only 
about 15 RCA types of receiving tubes on the 
market. These included the 199, 120, and 122 
for dry-cell operation; the 201-A, 112-A, and 
171— A for storage— battery operation; and the 224, 
226, 227, 245, and 280 for a-c operation. 

However, with the formation of the RCA Radio- 
tron Company early in 1930 and the consequent 
change in manufacturing procedijre, the pace for 
development of new types was quickened. Shortly, 
the new organization brought out a two-volt bat- 
tery line consisting of the 230, 231, and 232. 

POWER AMPLIFIER PENTODE K)R A-C SETS 

The demand for an a-c output tube capable of 
giving greater power and having higher power 
sensitivity than triodes was responsible for the 
introduction of the RCA— 247 power amplifier pen- 
tode in 1931. This new tube had a power output 
of 2.7 watts with a plate voltage of 250 volts 
and a grid bias of -I6.5 volts as compared with 
the 245 's output of 1.6 watts at the same plate 
voltage and three times the bias. 

AUTOMOBILE LINE OF TUBES 

Follo¥/lng very shortly after the 247, a com- 
plete line of tubes designed especially for auto- 
mobile service was announced by RCA. The line 
included the r-f amplifier type 236, the general- 
purpose type 237, and the power pentode type 238. 

DOME-TOP BULBS 

During 1932 the entire line of high-production 
tubes was redesigned for adaptation to the dome- 
top bulb. The replacement of the S-type bulb with 



the ST- type bulb (dome-top) constituted a major 
improvement in mechanical design Inasmuch as it 
provided a means for obtaining greater tube 
strength with cheaper and less complex struc- 
tures . In addition, the dome top permitted closer 
coupling of the internal to the external shield- 
ing and suggested the developnent of such tubes 
as the 57, 58 (shown in Fig. 19), 6C6, and 




Fig. 19 - RCA-58. 



Following 1932, new types were developed so 
rapidly that a discussion in this lecture of the 
individual tubes is imjxjssible. However, no fia:- 
ther important structural improvement was made 
until the advent of the metal tube in 1934. 

METAL TUBES 

The more rugged and uniform enclosure provided 
by the metal tube presented an opportunity for 
obtaining improved mount structures at lower 
cost. Unfortunately, however, the time available 
for development was such as to preclude the pos- 
sibility of realizing, in the initial designs, 
the many advantages offered by this new manufac- 
turing procedure. Consequently, many possible 
improvements had to await the adjustment of manu- 
facturing practice before they could be utilized . 
These improvements and simplification of metal- 
tube mount design have been proceeding gradually. 
On a few types the moiint has now been reduced to 
only the essential electrodes and supports, and 
is probably as close to the ultimate simplifica- 
tion as is possible with the vertical, cylindri- 
cal-^aount arrangement used. Some realization of 
the work which has been done in this respect can 
be gained by comparison of the first £K7 design 
in metal shown in Fig. 20, with the present 6SK7 
mount illustrated in Fig. 21. 
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Fig. 20 - Early design of metal tube type 6K7. 



Fig. 21 - Simplified design of present-day- 
metal tube type 6SK7 which supersedes type 
6K7 in new equipment, (not to scale) 
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As we briefly siimmarize the resvilts of o\ir 
inspection of the development of the radio tube, 
we are conscious of a gradual refinement In manur- 
facturing technique with attendant improvements 
in mount design; yet, with the exception of 
metal tubes, there have been few fundamental 
changes in construction. The bulb, base, and type 
of stem have remained very similar to the first 
designs and the vertical-symmetrical mount has 
remained standard in the American industry. 

Some of the more important developments con- 
tributing directly to improved construction can 
be listed as follows: 

1) Development of diimet wire in 1912, pri- 
marily for lamps to provide a cheaper lead. 

2) Adoption of the tipless stem in 1924 to 
improve manufacturing conditions and later to 
make the production of double-ended tubes prac- 
ticable. 

3) The use of a separate tab for the getter 
provided a convenient means for obtaining a de- 
layed getter flash with improved evacuation of 
the tube. 

4) Utilization In 1926 of mica for elec- 
trode spacers provided a lighter, cheaper, and 
more accurate means for locating the tube elec- 
trodes . 

5) The development of the dome-top bulb in 
1932 permitted a reduction in mount costs and at 
the same time provided stronger mounts. 

6) The metal tube developed in 1934 pro- 
vided a self-shielding structure of machine ac- 
curacy and permitted simplification and improve- 
ment in design. 

In addition to the above developments, there 
has been a gradual but steady improvement in the 
design of parts with resultant economy in factory 
operations. Typical examples are: the use of 
lug-ear plates to eliminate unnecessary side-rods 
and assembly operations, and more efficient use 
of forming to obtain better mount support. Also, 
parts have been standardized to allow them to be 
used interchangeably on tubes having the same 
characteristics but not the same type of enclos- 
ures. The need for this standardization of me- 
chanical design is apparent when one considers 



LISTTO TYPES STAMPED 

OF FORMED RIBBON OR MICA 
RECEIVING WIRE PARTS SHEET METAL PARTS 
TUBES PARTS 


CLASS 
STEMS 
































K 








v& 








iO 








V 








ack 




§ 




U U 




- - S 




2 7, 




§ 




2 2 




s 




2 Z 




s 




^ ^ 




5 




?? 




- - _ 1 




^^ 




.s 




^/} 




Ss 




?A 




Ss 




ifi 




ss 














%- W 


mmmm9//M 




% \% 


J LLK 


y/// 




i s§ 


mmmmy///yy 




I ss 


wmmmy//////. 




\ At 


■■■B3% 


y/// 




_ -_ 2 sSS 




y///. 




\ \%% 




w/, 




g SSs 


wmmw/My. 




z 2 sSS 


\\\V/ 


y//^ 




W\ sss 


wmmmTiy/'i', 




Wi ^^^ 


g 


V//' 




yM Ss^ 


2 


y///. 




^ -.^^^ 


% 


y///. 




Y^ 5^55*5 


A 


y///. 




Km ^SSs 


'X'/i'/M 




g Wi ^^^% 


9//j'//7/. 




1 J^ JiSSS 


'Ay/X'». 




i m^ \\%% 


%%:%% 




^mmwumm'/yy/Mmmm^^^^ 


%%!<%% 




J^ w^^ii^ ^^^ 


K'X'yM 




%^^mmam'//////, ri^^^^^ 




w^^mmwm'//////y. ^mt^^s. 


att. 


y//> 




^^'^wmmrnvMY/, ^^^^^ 


VV/. 


y/Y/. 




~^^wmmr///X'/// ^^^^^ 


s:iiiii 

mmymy/M'A 


E9 


^^^mmmy/y/:ii'//, ^^^^^-^ 


^3 


^^^wmmy/:^/,y/M ^^^^^^^ 


Zmi 


n^^mmmw//////. ^'^^^^ 


m ^^k3^ k 


^^^mmT,/////y/M sssisssis 





«J5g5^%%i%??\^^SS!<^Si:SS22^x«i!«!i??!%iig-«)SJS«S5^5S'«i%!i?.??i%%;«!^l 



Fig. 22 - Chart showing comparative increases 
of tube types and parts, based on 1930. 



the chart shown in Fig. 22, in which the number 
of receiving tubes announced have been tabulated 
for each year since 1920. As the number of types 
increase, the importance of standardization and 
mechanical design becomes of more concern and 
will, due to economic necessity, receive more 
and more concentrated attention. 
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SPACE-CURRENT FLOW IN VACUUH-TUBE STRUCTURES 

B. J. Thonpson 



A. DIODE THEOBZ 



Ideal Case 



The slntpleet vacuum tube is the diode. The 
behavior of nnilti-electrode tubes may be de- 
scribed most readily in terms of the behavior of 
a diode. For these reasons our treatment will 
start with the diode. 

In the ideal diode, electrons are emitted 
from the cathode in unlimited numbers at zero 
velocity and a jwrt of these are drann over to 
the anode under the influence of the positive 
field established by its potential. 

In Fig. 1, K represents the infinite plane 
cathode at zero potential and A the plane anode 
at a positive potential Eb spaced a distance dkp 
from the cathode. Let us suppose first that no 
electrons are emitted from the cathode. The 
potential distribution will then be as repre- 
sented by the line (a), the gradient at all 
points being Eb/i^kp* I^ i^ow the cathode begins 
to emit a limited supply of electrons, all of 
these electrons will be drawn to the anode. The 
electrons move at a finite velocity and, there- 
fore, there is a certain number of them in 
the space at all times. The field set up by the 
negative "space charge" of these electrons acts 
to depress the potential in the space below that 
of the first condition, increasing the field 
near the anode and decreasing it near the cath^ 
ode. This condition is shown by line (b) . 




Fig. 1 



If the rate of emission of electrons is con- 
tinually increased, all of the emitted electrons 
will be drawn to the anode and the gradient at 
the cathode contin\xally reduced until the grad- 
ient reaches zero. Since the electrons are as- 
sumed to be emitted with zero velocity, they can 
not move against a retarding field; therefore, 
there will be no increase in anode current with 
further increase in emission beyond this point. 
The condition of zero gradient at the cathode is 
represented by the line (c) in Fig. 1. 



The mathematical analysis of the ideal paral- 
lel-plane case is quite simple. It will be pre- 
sented here as an example of this type of analy- 
sis. 

Poisson's eqxiation in rectangular co-ordinates 
is 



3x 



3'E B*E 



Bz' 



» + : + 

* By* 



= - 4np 
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Since there is no gradient in directions paral- 
lel to the cathode and anode, the equation be- 
comes simply 



B'E 
Bx* 



- 4np 



We may also write that 

I = pv 
and V 



m 



(2) 

(3) 
(4) 



where p is the space-charge density, E the po- 
tential at any point a distance x from the cath- 
ode • , V the velocity of the electrons at x, I the 
current per unit area, and e^ and m the charge 
and mass of the electron. 

On combining the last three equations, we ob- 
tain 
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If we multiply both sides by dE/dx and integrate 
once, we obtain 



dE 
dx 



8 n I 1 2 
E* + Fo 



2e\^ 



(6) 



where F© is the field at the cathode. If we let 
Fq eqvial zero, a second integration gives us 
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This is the well-known Langmuir-Child^ equa- 
tion for space-charge-limited current flow per 
unit area between parallel-plane electrodes. It 
means that for each square centimeter of oath- 
ode or anode area 2.334- microamperes of current 
will flow with one volt difference in potential 
and a distance of one centimeter between cathode 
and anode, and that a cia"rent of 233 microamperes 
per square centimeter will flow if the potential 
be raised to a little over 30 volts or the dis- 
tance reduced to one millimeter. 

The foregoing analysis is for parallel-plane 
electrodes. The case of concentric cylinders, 
of much practical interest, is very much less 
simple to analyze and, therefore, only the re- 
sult will be presented here. Excellent analyses 
are available in the literature. 2 

The current in amperes per centimeter length 
of the concentric cylinders is given by the well- 
known Langmuir equation 



e; 



I = 14.66 



10 



''b^b 



(9) 



where r^ is the radius of the anode and Pj,^ is a 
function depending on the ratio of anode radius 
to cathode radius. Tables and curves of P have 
been published.^ It will be noted that the cur- 
rent again depends on the 3/2 power of the anode 
voltagej otheirrise, the expressions at first 
glance do not appear very similar. Part of this 
difference is due to the fact that one expression 
is for current per unit area, while the other 
expression is for current per unit length. 

It will be interesting to put the two expres- 
sions in similar form. Let us divide equation 
(9) by 2jirb. Equation (9) then becomes identical 
with equation (8) except for the presence of the 
tenn Pb^ in the denominator and the fact that 
the distance r^, is measured from the axis of the 
cylindrical system. When the ratio of anode di- 
ameter to cathode diameter becomes very large, 
Pt^ approaches unity and, of course, the distance 
between cathode and anode approaches r-^ as a 
limit. At this limit, then equations (8) and (9) 
become identical, and we obsei^re the interesting 
fact that the anode current flow per unit area 
is the same in a cylindrical system with fine- 
wire filaments as it would be in a parallel-plane 
system with the same distance between cathode and 
anode. This statement, of course, neglects the 
effect of Initial velocity of emission. 

At the other limit where the cathode and 
anode diameters approach each other the system 



■'• Langmuir and Compton, "Electrical Discharges 
in Gases," Part II, Review of Modem Physics, 
Vol. 3, No. 2, pp. 238-239; April, 1931. 

"^ See Ref. 1, pp. 24.5-249. 

^ See Ref. 1, pp. 247-24S. 



is obviously essentially a parallel-plane one. 
The value of fi^^ then changes rapidly and main- 
tains such a value that r^ ^-^ is equal to djcp^. 
The fact that the two expressicais give iden- 
tical results at the two limits of ratio of anode- 
to-cathode diameter shovild not lead one to sup- 
pose that the expressions are approximately iden- 
tical for intermediate ratios. Where the anode 
diameter is from 4 to 20 times the cathode di- 
ameter, the current calculated from expression 

(8) is in excess of that Indicated by expression 

(9) by very nearly 20 per cent. This is the max- 
imtim error that would result from the use of ex- 
pression (8) for cylindrical structures. 

The potential distribution between cathode 
and anode may be calculated most usefully from 
the expressions for ciirrent. From equation (8) 
we may write 
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In other words, the potential between parallel 
planes varies as the four-thirds power of the 
distance from the cathode in the case of space- 
charge-limited currents. 

The potential distribution between concentric 
cylinders is less simple. We may write from 
eqioation (9) 






Eg 




or 



where ^^ is taken for the ratio t/t^. This ex- 
pression is not analytical, the values of 3 and 
Pb being obtained from curves or tables. 

Effects of Velocities of Emission 

Electrons are emitted from a heated surface 
with a random distribution of velocities in all 
directions. The velocities which concern us in 
the present analysis are those normal to the 
surface of the cathode. This velocity distribu- 
tion may be expressed most simply as follows: 



Be 



= e 



where n is the niunber of electrons out of the 
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total ntunber Uq which have a sttfficient velocity 
to reach a plane electrode parallel to the cath- 
ode at a negative potential of E, T is the tem- 
perature of the cathode, and k is Boltzmann's 
constant. Expressed in terms of ciirrent this 
becomes 



I 



Is^ 



Be 
kT 



where I is the ciirrent reaching the negative 
electrode and Is is the total emission cvirrent 
from the cathode. To carry this out experi- 
mentally, it is necessary that the collector 
electrode be placed so close to the cathode that 
space-charge effects do not cause a potential 
minimum in space. 

We initially assumed that all electrons were 
emitted with zero velocity and that, therefore, 
the field at the cathode wovild not be negative. 
In the practical case where all electrons have 
finite velocities normal to the cathode, all of 
the emitted electrons must reach a positive anode 
parallel to the cathode unless at some point be- 
tween cathode and anode a negative potential 
exists . 

Fig. 2 shows the potential distribution be- 
tween parallel-plane cathode and anode for suc- 
cessively higher values of emission. Line (a) 
represents the case where there is no emission 




Fig. 2 

— and, therefore, no space charge — with result- 
ing constant potential gradient between cathode 
Eind anode. Line (b) shows the case where there 
is sufficient emission to reduce the gradient at 
the cathode jxist to zero. This is similar to the 
condition represented l)y (c) in Fig. 1 with the 
important difference that now all electrons pass 
over to the anode because of their finite ve- 
locities of emission. 

Any further increase In cathode emission, how- 
ever, will cause the potential near the cathode 
to become slightly negative as shown in line (c) . 
In this case all electrons having velocities less 
than Em are turned back to the cathode, while 
those electrons having greater velocities of 
emission pass on to the anode. Further increases 
in cathode emission cause the potential minimum 
to become more negative with the result that a 
larger fraction of the emitted electrons return 



to the cathode. For continued increase in cath- 
ode emission, however, there will always be some 
slight increase in anode current. 

The results obtained from the simple analysis 
based on zero velocity of emission are obviously 
not applicable to this practical case if preci- 
sion is desired. Since a greater maximum poten- 
tial difference (Eb + Em) is acting over a shorter 
effective distance (d^p - d^m) and since the 
average velocity of electrons is higher beca\ise 
of their initial velocities and hence the space- 
charge effect of the electrons is less, it is ob- 
vious that the space-charge-limited current flow 
for a given anode potential is greater in the 
actual case than in the ideal. 

Langmuir^ has presented a complete analysis 
of the space-charge— limited current flow with 
initial velocities of emission. He has shown 
that a good approximation may be made by the use 
of equation (8) with a correction for the reduced 
effective distance and the increased effective 
potential. His equation is as follows: 



Il3 = 2.334 X 10 



-6 






'kp- 



0.0247 T^ 
(Eb- Em)* 



(10) 



where T is the cathode temperature in degrees 
Kelvin. It is in amperes per unit area. E^, is 
negative in sense. The value of dj^m ^ centi- 
meters may be calculated from the approximate 
expression 



dkm«0.0156 



/lOOO\"? / T \7 



W 



,1000) 



The value of Em is given by 



- E„ 



(— 

\5040 



Ih 



More complete results of Langmuir's analysis 
are too cumbersome to be presented here. The 
use of eq\iation (10) should lead to errors not 
greatly in excess of 2 per cent even under ex- 
treme conditions. 

It is interesting to observe from Langmuir's 
calculation that in a practical case where the 
cathode temperature is lOOOOR, the emission den- 
sity greatly in excess of the anode current, and 
the anode current density 1 milliampere per square 
centimeter, that the distance from cathode to 
virtual cathode is approximately 0.016 centimeter 



^ See Ref . 1, pp. 239-2M. 



1 17 



Vacuum Tube Design 



(0.006 inch). Thus, in modem close-spaced vac- 
uum tubes the position of the virttial cathode can 
not be neglected. 

The error involved in using equation (9) as 
compared with the exact solution for cylindrical 
structures is less than in the corresponding 
case of parallel planes. For a discussion of 
the effect of initial velocities in this case, 
the reader is referred to Langmuir and Compton.5 

The potential distribution between parallel 
planes, taking into accoimt initial velocities, 
may best be determined by the use of a plot pre- 
sented by Langmuir and Compton.^ 

B. TRIODE THEORY 

Triode Mu Formulas 

The earliest analysis of the electric field 
existing between parallel planes with a parallel- 
wire screen interposed is that of Maxwell.''' In 
this it is assiimed that the spacings between the 
planes and the screen are large compared with 
the spacings between wires and that these in 
turn are large compared with the wire diameter. 
The result expressed in vacuvun— tube terminology is 



2nd 



\x = - 



gP 



a log. (2 sin ^^ 



2nd 



gP 



a logg 



— (where i£ is small) 
a a 



2nr 



In these expressions, dgp is 



the distance from 
the center of the grid wires to the plate, a^ the 
spacing between grid wires (a = l/n, where n is 
the number of wires per unit length) , and r is 
the radius of the grid wires. It will be noted 
that the distance between grid and cathode does 
not appear. 

This formula is in serious error when the 
spacing between grid wires is not large compared 
with the wire diameter, as is frequently the 
case. Because of this. Van der Bijl developed 
empirically the formula n = C dgp r n^ + 1, where 
C is equal to 160 for parallel planes. An ob- 
vious defect of this expression is tliat |j, can 
never be less than unity. 

The most generally useful and accurate formula 
for amplification constant which has been pub- 



5 See Ref. 1, pp. 252-255. 

6 See Ref. 1, Fig. 42, p. 2^3. 

' J. C. Maxwell, "Electricity and Magnetism," 
3rd edition, 1904, Vol. 1, Section 203. 



lished is that developed by Vogdes and Elder .^ 
This analysis assumes that the spacing between 
grid wires is small compared with the distances 
between the grid and the other electrodes. The 
development is as follows. 

Fig. 3 represents the geometry of the vacuum 
tube. By means of a conformal transformation, 
this same geometiy may be represented in differ- 
ent co-ordinates. In such a treinsformation. 



CATHODE 



GRID 
a 



ANODE 



^qp 



Fig. 3 

equipotential surfaces andfltuc lines still cross 
at right angles and all laws of electricity still 
apply. 

Suppose the geometry represented in the "w" 
plane in Fig. 3 be transformed to the "z" plane 
by the transformation 

2nnw 





z 


— 


e 


Since 


z 


= 


X + jy 


and 


w 


= 


u + jv 


then 


X 


+ 


2nnu j2nnv 
jy = e X e 



je 



P e 



This transformation is represented in Fig. 4. 
The cathode is a point at the origin. The grid 
wires become a single figure intersecting the 
X-axis at e"''"'^ and e^""'^ The center of the 
grid wires is at x = 1. The anode is a circle 
about the origin of radius equal to 
27tndgp 
e 

The figure representing the grid wires is 
not a circle. If r is less than et/Zn, however, 
it can be shown readily that the figure is es- 
sentially cirCTilar and it will be assiuned, there- 



^ Vogdes and Elder, "Formulas for the Amplifica- 
tion Constant for Three-Element Tubes," Physical 
Review, Vol. 24, p. 683; December, 1924. 
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fore, that siich is the case. If the figure is 
a circle, its radius is 



2nnr _2nnr 

e - e 



= sinh 2nnr 



and Its center is located at 

2nnr -2nnr 
X = = cosh 2nnr 



cathode located at nanus infinity must be zero. 

Let us place a charge -Q at the "center" of 
the grid wire. The potentials Ejt, Eg, and Ea of 
the cathode, grid, and anode become 

Ejj = C + 2 Q log cosh 2nnr 

Eg = C + 2 Q log sinh 2nnr 



Ea = C + 2 Q 2nnd 



gp 




In Fig. 3, if the anode were removed to 
infinity and a potential applied to the grid, 
the successiTe equipotential s\u"faces at greater 



GRID \ /ANODE 



x = e2'""<^«> 



.x = e2-^'"^ 



Fig. A 

distances from the grid would become more and 
more nearly planes until, at distances several 
times a, the surface could be regarded as essen- 
tially a plane. Therefore, under the limitations 
of our assumptions craiceming relative spacings, 
the anode plane may be considered to be the 
equipotential siurface due to the field of the 
grid alone. This is equivalent to saying that a 
circle of radius 

2nndgp 
e - cosh 2nnr 
drawn about the "center" of the grid wire in 
Fig. 4 does not differ materially from a circle 
of radius 

2nndgp 

e 
drawn about the origin. The justification for 
this assumption maybe checked by considering the 
rather extreme case where ndgp = 0.50 and nr = 
0.03. Then 

2nndgp 

e 
equals 23.1 and cosh 2nnr equals 1.02. 

The convenient result of these assumptions 
is that a line charge placed at the "center" of 
the circular grid wire. Fig. 4-, produces equi- 
potential 3\irfaces at the surface of the grid 
wires and at the anode, since the charge on the 



If the cathode potential be taken as zero. 

Eg = 20 log sinh 2nnr - 2Q log cosh 2nnr 

= 2& log tanh 2nnr 
and 

Ea = 2Q 2nndg - 2Q log cosh 2nnr 

Under these circumstances, the amplification con- 
stant may be defined as 

'" " ^g 

whence 

log cosh 2nnr - 2nndgp 

V- = 

log tanh 27inr 

The assumptions made in this derivation in- 
validate the expression for use with relatively 
very close spacings between electrodes. The same 
type of analysis as that presented by Vogdes and 
Elder may be made to give more rigorous results. 
Mr. Bernard Salzberg of the Radiotron Labora- 
tories has carried out such an analysis. It dif- 
fers from that just presented chiefly in that an 
additional line charge is placed on the x-axis. 
Fig. Af outside the anode at such a position as 
to make the true anode cylinder an equipotential 
surface. Therefore, the anode may be allowed to 
approach much more closely to the grid. This 
leads to an expression accurate for cases where 
the spacing between anode and grid is smalJ. com- 
pared with the wire spacing, though not when the 
wire spacing is small compared with the wire di- 
ameter. Mr. Salzberg' s expression is 

log cosh 2nnr - 



log tanh 2nnr - 
2nnd, 



!££_ 



-4nnd^_ 
log(l - e eP X cosh* 2nnr) 



* Ref . 11-12-13-U> asterisk. 
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There is no obviously useful definition of 
amplification factor in the purely electrostatic 
case (no space charge) when the charge density 
induced on the cathode is not uniform. It is 
possible by extension of the analysis described 
above, however, to arrive at an expression for 
the charge distribution on the cathode when the 
spacing between cathode and grid is finite. Mr. 
Salzberg has carried out such an analysis. It 
departs from that of the cathode at infinity by 
considering the potentials in space produced by 
a line charge at the cathode in addition to the 
others . 

The amplification-factor formulas here given 
may be applied to cylindrical tubes if rg log(ra/rg) 
is substituted for dgp, where rg and r^. are the 
radii of the grid and anode, provided r/rg is 
small. 

Equivalent Potentials in Trlodes 

For most practical purposes in calculating 
the electric fields at cathode, anode, and the 
space between, except very near the grid, a po- 
tential may be assigned to the plane of the grid. 
In other words, it is assumed that an equipoten- 
tial plane may be substituted for the grid with- 
out altering the electric fields. This would be 
true only when the grid wires are small and 
closely spaced in comparison with the spacings be- 
tween grid and cathode and anode. 



K 







Iqk 



iqp 



<) 
C) 



Fig. 5 

The equivalent potential of the plane of the 
grid. Eg, may be derived in several ways. The 
most simple with which I am familiar is the fol- 
lowing. The capacitance between anode and the 
equivalent plane G at the grid, Fig. 5, is 

1 



'PG 



4n d 



gP 



and the capacitance from cathode to G, 

1 



4n d 



kg 



while, by definition. 



= M C 



In the star network of capacitances. Fig. 6, 
EcCgG * EfaCpQ + EjjCkG 



Eq = 



CgG * ^kG * "^pG 



Let us make Ej^ equal to zero. Then, 
(1 Ec + Eb 



Er 



M + 1 + 



'gP 
^gk 



or 



Ec ^ - 



E_b 



1 + — + -^^— 



The physical basis for this analysis is that 
the anode can influence the field at the cathode 
only by acting through the grid plane. By defi- 
nition, the grid has \i times the influence of the 
anode. It is obvious that this reasoning im- 



-<JG 




Fig. 6 



plicitly assumes that amplification factor is 
proportional to grid-anode spacing, for we might 
just as well have called the cathode the anode. 
The quantity dgp/dgj^pi is simply the reciprocal 
3ation fa 



factor of the grid with re- 



pG 



of the amplifies 
spect to the cathode. 



We shall find it convenient to determine 
another equivalent-potential plane. The equiva- 
lent potential of the grid plane depends on grid 
and anode potentials and on grid-cathode and 
grid-anode spacings. Is there an equivalent 
plane the potential of which depends only on grid 
and anode potentials and grid-anode spacing? 

In Fig. 7, Eg is the eqxiivalent potential of 
the grid. If the constant potential gradient 
between grid and cathode extended past the grid. 
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Fig. 7 

the potential E at any point a distance x from 
the grid wovLLd be 



E.K, (1.- 



Applications of this equivalent - potential 
plane will be given. 

Interelectrode Capacitances in Triodes witho^if 
Space Charge 

The direct capacitance between grid anl anode, 
Cgp, may be oalciilated readily from the expres- 
sion for Eg, the equivalent potential of the 
plane of the grid. 

The capacitance per unit area from anode to 
the equiveilent plane of the grid is 



Then 



'pG 



4n d 



gP 



'gp 



'PG 



dEr 



dE, 




1 "^gP 
1 + — + -^^ 



1 + 



'gk 



^gk»^ 



We wish to find a potential Eq at a distance dgq 
from the grid which is Independent of dgj^. At 
such a point the ratio 



1 + 



'gk 



1 . 1 . «P 



must be independent of dgj^. Obviovisly this means 
that 

<*gp 



'gk 



dgkM 



1 + 



or 



X = 



*gP 



= d 



|i + 1 
The potential 1^ is given by 



gq 



Ec ^ 



Eq = 



1 + 



4n d 



gP 



•" "gP 



SimilaJly 



^gk 



4n d 



gk 



^ ''gP 
1 + - + -^^ 

V- dgk^ 



By definition 

r - £ii 
Sk - „ 



An d 



gk 



M + 1 + 



'gk, 



These derivations are for the parallel-plane 
case. The case of cylindrical electrodes may be 
treated in a similar fashion. 

Amplification Factor in Multi-Grid Tubes 

The analysis of multi-grid tubes may be readily 
carried out by use of the second expression for 
equivalent potential, Eq. 

In Fig. 8, the Q plane is to be substituted 
for g2 and A. Its potential is 

Eb 
^^g.P 



1 + 



►^g^P 



121 



Vacuum Tube Design 



O 

o 
o 
o 
o 
o 
o 
o 
o 
o 



^2 Q 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 



Fig. 8 

and its distance from gi is 

d 



•^giq = ^iriz * 



gjP 



1 + 



^^g.P 



We now have a triode and can calciilate its \i. The 
simplest expression is 



*giq 



'gigi 



giq 



where H'gigo ^^ ^^^ amplification factor of g;j^ 
with respect to a plane at g2. 



Now 



dE^ 



^'gigs " ''ggq 



dE^ 



= f^gxq 1 * 



f^g.P 



= M 



gigi 



111. 
'gigj 



1 + 



►'g.P; 



On substituting the expression for dg^^g in this 
equation, one may reduce it to the following 
form by simple manipulation: 



^^gxg. 



= ^ 



gig: 



^gxP 

^^g.P 



where M^'g-yp is the value Hg p 
were removed. 



would have if 



62 



Of course 



^'gtP = ^&^i2^^2P 



whence 



►"giP " ^'gigs^'g^P * ^giP 



The direct capacitance between gi and g2 may also 
be determined readily, since 



dE, 



^gigz " ^giq 



dE, 



Also, the capacitances between grids and anode 
or cathode may be determined in the same manner. 
By an obvious extension of the method, ampli- 
fication factors and capacitances may be deter- 
mined in structxires ooatainlng any number of 
grids. 

Effects of Space Charge on Potential Distribution 
in Triodes 

It was shown that in the absence of space 
charge a plane at a potential 

E^ + -2 



^q = 



1 + — 



and at a distance 



•^kq = ^gk * 



'gp 



1 + ti 



from the cathode could be substituted for the 
grid and anode without altering the potential 
distribution between grid and cathode, regardless 
of the position of the cathode. It follows that 
with space-charge-limited currents the error will 
be small in most cases if a triode be converted 
into an equivalent diode ty the same substitution. 
A more precise equivalent diode may be con- 
structed by the use of the first expression for 
equivalent potential with a space-charge correc- 
tion. Fig. 9 shows the potential distribution 
in a triode with space-charge-limited current. 
It is obvious that the field at the grid is the 
same as would exist without space charge if the 
cathode were at point h, determined by drawing a 
tangent to the potential curve at the grid. If 
it be assumed that the potential between cathode 
and grid varies as the four-thirds power of dis- 
tance, dgjj is three-fourths of dgjj. Hence, we 
must modify the expression for Eq as follows: 



Ec * 



Eb 



Eq 



\x 3 dgjj>i 
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The calculation of transit time in the absence 
of space charge is obvioiis. In a parallel-plane 
diode with space-charge-limited ctirrent, the 
transit time from cathode to anode may be calcu- 
lated if it be assiamed that 

/ X \ 3 



'kp; 



whence 



t = — 




Fig. 9 

The analysis of the current-voltage relation- 
ship of a triode may be made directly from the 
diode case by the use of this eq\iivalent-diode 
expression. If in the equivalent diode the space 
current 

lb = f(EG) 

the cathode current (equal to the plate current 
with negative grid) is given directly. The trans- 
conductance, gm, is found by taking the deriva- 
tive of f(EQ) with respect to Eq. The plate con- 
ductance, l/rp is found liy taking the derivative 
of f (Eg) with respect to E|j. 

Electron Transit Time In Negative-Grid Triodes 

The electron transit time in any electrode 
structure may be calculated readily if the po- 
tential distribution is known. In general 



m \2 



i2ei 



I- 3 d 



kp 



eI 



= 5.05 X 10 



• 8 <^kp 



where t is in seconds, djcp in centimeters, and 
E|5 in volts. In other words, the electron takes 
three times as long to pass from cathode to anode 
as if it had traveled at the final velocity the 
entire distance, and half again as long as if it 
had been uniformly accelerated. 

The cylindrical analysis is not so simple but 
may be carried out as presented by W. R. Ferris .9 

In the case of electron transits between grid 
and anode, the integration is carried out with 
the initial velocity of the electron correspond- 
ing to the equivalent potential of the grid. 



"J V " (2eJ J eI 



9 w. R. Ferris, "Input Resistance of Vacuum Tubes 
as Ultra-High-Frequency Amplifiers, " Proc . I . R . E . , 
Vol. 2A, p. 82; January, 1936. 
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ELECTRON OPTICS 
Part I .DETERMINATION OF ELECTRON TRAJECTORIES 
V. K. Zworykin and G. A. Morton 



DJTfiODUCTION 

The term "electron optics" will be iised to 
describe that class of problems which deals with 
the determination of electron trajectories. The 
expression originated as a consequence of the 
close analogy between optical arrangements and 
the corresponding electronic systems. It was 
f otmd that this analogy not only had ftmdamental 
mathematical significance, but. In many cases, 
could be extended to practical devices. For ex- 
ample, it is possible to constnict electron 
lenses which are capable of imaging an electron 
source. In many instances not only is the be- 
havior of the two types of systems the same, but 
also many of the mathematical methods of optics 
can be applied to the corresponding electron 
problem. There are, it is true, many systems 
which in no way resemble those of conventional 
optics. However, there is a continuous tran- 
sition between these and such as have a close 
optical analogue. Therefore, any attempt to 
subdivide the field on this basis results only 
in confusion. 

The importance of electron optics is becoming 
increasingly apparent with the advance of elec- 
tronics. For example, in the early vacuum tubes 
used in radio work little attention was paid to 
the exact paths of the electrons between the 
cathode and the plate. Recently, verj'' real im- 
provement in efficiency and performance has been 
achieved by the application of electron optics 
to tube design. In the design of the newer de- 
vices, such as the secondary-emission mtiltiplier, 
the electron gun used in television tubes, and 
the image tubes, electron optics is essential. 

The design problem ustially encountered is one 
in which the two tennini of the electron paths are 
specified and it is required to determine an 
electrode and magnetic coil configuration that 
will satisfy this demand. Unfortunately, a di- 
rect solution is still a good deal beyond our 
present mathematical means. It is not possible, 
except in very special cases, to determine from 
a given electron path the shape and potentials 
of the electrodes required to produce this path. 
In order to solve the above problem, it is nec- 
essary to assume an electrode configuration and 
then determine the resulting electron path. If 
this is not the required path the electrodes are 
changed and the trajectories recalculated. Usu- 
ally this process does not have to be repeated 



* This lecture contains the same material as 
Chapter 3 of the book TELEVISION by Zworykin and 
Morton. Used by permission of John Wiley and 
Sons. 



very many times before the correct solution is 
reached, as the previously detenained paths indi- 
cate the nature of the changes that must be made. 
Restating the problem in the only form in 
which a solution is possible, it becomes: Given 
an electrode configuration and the potentials 
applied, determine the electron paths in the re- 
sulting potential field. Even this problem has 
no general solution, and often can be solved only 
by resorting to elaborate mathematical approxi- 
mations, or to the use of mechanical and graphi- 
cal methods. The solution can be divided into 
two distinct parts; namely, the determination of 
the potential field produced by the electrodes, 
and the calculation of the electron trajectories 
in this field. Essentially the same procedure 
is used when the electrons are guided by magnetic 
fields. 

THE LAPLACE EQUATION 

To determine the potential field produced by 
a given set of electrodes, it is necessary to 
solve the Laplace differential eqviation: 



3^9 



3*9 



dx 



~' * 3y 



^ * iT* = ° 



(1) 



with boundary conditions corresponding to the 
shapes and potentials of the electrodes. The so- 
lution of this equation gives the potential as a 
function of the coordinates, that is: 

<p (x,y,z) 

The electrostatic field can be found from this 
potential by differentiation with respect to the 
c oordinate s . Thus : 



Ejj = - 



(p(x,y,z) 



3x 



Ev = (p(x,y,z) 

* 9y 



Eg = q)(x,y,2i) 

From the original Laplace equation, which is sat- 
isfied by the potential fionction, it will be seen 
that the field must satisfy the differential 
equation: 



9E^ 



9x 



3E,; 



9y 



3E, 



Bz 



= 
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It should be noticed that this equation is like 
an equation of continuity and may be interpreted 
to mean that in any volume of free space within 
an electrode system as many electrostatic lines 
of force must leave as enter. Similar equations 
express corresponding laws obeyed by the flow of 
an incompressible fluid and by electric current 
in a conducting medium. 

There is no general solution for the Laplace 
equation nor can any general method of attack be 
given. In certain special cases only can an ana- 
lytic solution be obtained. Usually it is neces- 
sary to resort to series expansion or numerical 
integration in order to calculate a potential 
distribution. Both procedures are laborious in 
the extreme. 

The simplest potential distribution is that 
between two infinite parallel plates, shown in 



*. *: 



Fig. 



1 - Potential and field 
between plates. 



Fig. 1. Here -the function that satisfies the dif- 
ferential equation is: 

ip = cpo + Ax 

The field is found to be: 

d<B 
E = - -1 = - A 

Bx 

Ey = Eg = - — = 
dy 

Other simple cases are: 

A 
Concentric spheres: <p = - — + To 

r 



Concentric cylinders: (p=Alnr + q)o 



r 



Other cases, such as two separated spheres, a 
sphere and plane, a sphere between two planes, 
and the corresponding cylindrical systems can 
also be solved. 



Problems involving cylindrical symmetry, such 
as illustrated In Fig. 2, are of considerable im- 
portance, since, as will be shown in the next 



Equipotent ia1 

fa 




Fig. 2 - Potential distribution between 
two cylinders. 

lecture, this symmetry is found in all electron 
lenses. When this symmetry is present, the Laplace 
equation is preferably expressed in cylindrical 
coordinates and then becomes: 



i!i +ii. /r ^1 = 



3z' 



r 3r 



Br 



(2) 



For most boundaxy conditions, the solution of 
this differential equation is difficult, and no 
analytic solution is possible. A general method 
of attack is to consider the potential as a lin- 
ear combination of fimctions in which the varia- 
bles have been separated, thus: 



where : 

<Pt(r,z) = P^(z) Gj,(r) 



(3) 



When equation (3) is substituted in equation 
(2) , the Laplace equation reduces to two ordinary 
differential equations: 



1 i!I 

F dz* 

J_ i. 

rG dr 



= - k' 



r^l=k^ 



dr 



where k^ is the separation parameter. The general 
solution of these equations can be written as: 



F^(z) = a e 



i kz - ikz 

+ b e 



(4a) 



G^Cr) = c Jo(ikr) + d No(ikr) (4b) 
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The solution of the Laplace equation then has the 
form: 



,(r,z) = ^A^Fj^(2) G^(r) 



(5) 



Since k does not necessarily have discreet val- 
ues, equation (5) laay take the form of an inte- 
gral: 

ip(r,2) = / A(k) F(z,k) G(r,k) dk (5a) 



the integration being over the entire complex 
domain. The coefficient A(k) is determined from 
the boiindary conditions by the usiial methods of 
evaluating Fourier coefficients. 

Another class of problem of considerable im- 
portance Is that in which the potential expressed 
in Cartesian coordinates is a function of two of 
these coordinates only. This type of potential 
field is encountered wherever the electrode sur- 
faces can be considered as generated by moving 
lines which remain parallel. 

The Laplace equation in this case becomes: 



2™ Ti 2™ 



(6) 



3x' 



3y' 



The solution of this eqviation can be approached 
in a variety of ways. One very useful method, for 
example, is that of conformal mapping. Although 
this equation can be solved more frequently than 
that for the three-dimensional case, often no 
analytic solution is possible. In this two-di- 
mensional case, practical electrode configura- 
tions are UBua3J.y quite complicated, so that the 
mathematical complexities even of an approximate 
solution are prohibitive. 

ELECTROLYTIC POTENTIAL MAPPING 

Because of the difficulties encovmtered in a 
mathematical solution of the Laplace equation, it 
is often expedient to resort to an electrolytic 
method of obtaining an equipotential map. 

In essence, the method consists of immersing 
a large scale model of the electrode system being 
studied in a slightly conducting liquid and meas- 
uring the potential distribution throughout the 
liquid with a probe and bridge, potentials pro- 
portional to those to be ixsed with the system 
being applied to the model. Fig. 3 shows dia- 
grammatically an electrolytic plotting tank. 

The tank used for this purpose is constructed 
of an insulating material so that the equipoten- 
tial surfaces about the immersed electrodes meet 
the tank walls perpendicularly. This condition is 
necessary in order to reduce the influence of the 
walls of the tank upon the field to be plotted. 
The size of the tank is determined by the size 
of the electrode models which are to be studied. 



and this in turn is determined primarily by the 
accuracy desired. In order to reduce the boimdary 
effects, the tank must be a good deal larger than 
the model. 



DETECTING 
INSTRUMENT 



RECORDING 
PAPER 



PANTOGRAPH 



ELECTRO- 
LYTIC 
TANK 




SLIDE 
WIRES 



500- CYCLE GENERATOR 

Fig. 3 - Diagram of potential plotting tank. 



The electrolyte used in the tank is water to 
which a very small amount of soluble salt has been 
added. In most localities, ordinary city water 
contains a sufficient amount of these salts to 
make it amply conducting for the purpose. 

Eisact scale models of the electrodes, made of 
sheet metal and supported en insulating rods, are 
used in the tank. The supports should be reduced 
to a mininura so that they interfere with the po- 
tential distribution as little as possible. Almost 
every practical electrode configuration encoun- 
tered in electron optics has mirror symmetry. The 
equipotential surfaces in space around the elec- 
trodes obviously must cross the plane of symmetry 
at right angles. Because of this requirement, as 
will become clear as the discussion proceeds, the 
models may be constructed so that they represent, 
to scale, half of each electrode bo\anded by the 
plane of symmetry. The model is placed in the 
tank in such a way that the free surface of the 
electrolyte coincides with the plejie of symmetry. 
Although this restriction is not a fxmdamental 
limitation, nearly all practical plotting tanks 
are limited to use with electrode systems having 
this symmetry. 

Upon the application of the proper potentials 
to the model electrodes, a current will flow 
through the electrolyte. Since it can be assumed 
that the electrolyte is an ohmic conductor, the 
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field strength at any point will be proportional 
to the current density. As was mentioned previ- 
ously, the electric current behaves like an in- 
compressible fluid so that the current density 
and hence the field strength obey the equation 
of continuity (i.e., their divergence is zero in 
the absence of sources or sinks). This is merely 
another way of saying that the potential through- 
out the electrolyte obeys the Laplace equation. 
Thus, the potential at any point in the liquid 
is proportional to the potential of a correspond- 
ing point in the actual electrode system. 

The free surface of the electrolyte is a per- 
fect insulating plane since no current can flow 
in the medium above the liquid. The eq\iipoten- 
tials must intersect such a plane at right angles 
because there is zero vertical current flow, and 
hence the field vector normal to the sttrface is 
zero. For this reason it is possible to make use 
of models divided at their plane of synmetry. 

The potential distribution over the plane of 
symmetry is measured by means of an exploring 
probe. This probe consists of a fine wire mounted 
so as to just break the surface of the liquid and 
is constrained to move in a horizontal plane. The 
potential of the probe is adjusted until zero 
current flows, and the potential is noted. This 
potential is that of the point where the probe 
touches the surface. For convenience, the probe 
is carried at the end of a pantograph linkage, 
so that the motion of the probe is reproduced by 
a stylus attached to the other end of the link- 
age. This stylus, or mapping pencil, moves over 
a plotting table. The arrangement will be clari- 
fied by reference to Fig. 3. 

A photograph of a typical plotting tank is 
reproduced in Fig. 4.. The tank itself is made of 
wood, coated cc the inside with roofing cement to 
render it water-tight and shielded outside with 
sheet copper. It is 2-1/2 feet wide, 8 feet long, 
and 2-1/2 feet deep. Along one side is a table 
on which the mapping is done. Dix-ectly below the 
table are the potential dividers that supply the 
model electrodes and probe, and behind them the 
amplifier whose output is connected to the n\i3.1- 
indicating meter. The probe is attached to the 
pantograph pivoted at the center of the edge of 
the tank nearest the mapping table. A shielded 
lead carries the current from the probe to the 
amplifier. 

In the equipment illustrated in Fig. 4, the 
probe and electrodes are supplied from a 400-cycle 
oscillator, instead of with direct current. The 
use of the oscillator supply not only facilitates 
the determination of the null point, but also 
avoids the possibility of error due to polari- 
zation of the liquid at the probe or electrodes. 

The usual procedure in mapping a potential 
distribution is to divide the voltage between the 
terminal electrodes into a convenient number of 
intervals, then to set the probe potential at 
each of these valiies in turn and map the path of 
the probe when it is moved in such a way that the 
cijrrent to it remains zero. The resulting map of 



the intersection of the equipotential surfaces 
corresponding to the voltage steps with the plane 
of symmetry of the electron optical system is the 
most convenient representation of a potential 
distribution for the determination of electron 
trajectories. 




Fig. 4. - Potential plotting tank. 

Often, in the consideration <£ electron lenses, 
to be taken up in the next lectiire, it is neces- 
sary to know the axial distribution of the po- 
tential of the system, together with its first 
and second derivatives along the axis. The dis- 
tribution can, of course, be found by direct meas- 
urement with tlie plotting tank. The slope of the 
distribution curve, plotted as a function of the 
axial coordinate, will give the first derivative. 
The second derivative can be found from the slope 
of the first derivative curve, but this method 
of obtaining it is very inaccurate. A more ac- 
curate determination can be made hy means of the 
radius of curvature p of the equlpotentials at 
the axis, the first derivative (p' and the rela- 
tion: 



■(2) = 



2 (p 



THE MOTION OF AN ELECTRON IN A POTENTIAL FIELD 

The potential distribution for a given elec- 
trode configuration having been obtained, the 
next step is the determination of the paths of 
electrons moving in this field. 

In making this determination, it is convenient 
to consider the motion of an electron to be that 
of a charged particle of mass m obeying the laws 
of Newtonian mechanics, rather than to adopt the 
viewpoint of quantum physics and assume it to be 
a wave packet, as is neoessaiy in the investi- 
gation of atomic phenomena. Furthermore, its mass 
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will be taken as constant and equal to 9-0 x 10~28 
gram. Where electrons having extremely high ve- 
locities are to be considered, this assumption 
cannot be made, and it is necessary to correct 
for the increase in mass as dictated by relativ- 
ity. Velocities where this correction is neces- 
sary are not encountered in the field of elec- 
tronic television, as covered by the book^ in 
which this lecture Is one chapter. The value 1.59 
X 10-19 coulomb will be taken as the charge of 
an electron. 

The force acting on an electron is the product 
of its charge and the field strength at the point 
which it occupies. Hence, the differential eqiia- 
tions of motion are: 



d'x 
dt' 

dfy 
dt« 

d'z 
dt* 



= - eE_ = e — =- 
Bx 

B(p 
= - eE_ = e — 

ay 



- eE_ = e 



az 



In principle, in order to determine the electron 
path, all that is necessary is to introduce the 
values of the potential into the above equations, 
solve, and eliminate time as a parameter. Actu- 
ally, there is no general method of carrying out 
this process, and it is almost always necessary 
to apply mathematical approximations or graphical 
methods to obtain a solution. 

A number of practical mathematical approxi- 
mations and graphical methods have been developed 
for the purpose of facilitating the determination 
of electron paths when the potential field is 
known. These methods, when carefully applied, 
are capable of yielding a high degree of accuracy. 

The general three-dimensional problem is ex- 
tremely difficult even by approximate methods. 
Fortunately, configurations reqiiiring the solu- 
tion of this general problem are rarely encoun- 
tered, at least at the present time. 

Two classes of problems are of particular im- 
portance. They are: 

1) Those involving electrode configura- 
tions to which the potential variation is confined 
to a plane. 

2) Problems involving cylindrical symmetry. 

The remainder of this lecture will treat the 
first class of problems, which are those involved 
in the design of the electron multiplier, de- 
flecting plates, etc. 



■'■ V. K. Zworykin and G. A. Morton, "Television," 
John Wiley and Sons, Inc. 



ELECTRON PATHS IN A TWO-DIMENSIONAL SYSTEM 

Where the potential variation is confined to 
a plane, the Laplace equation, as has already 
been pointed out, involves two coordinates only: 



i!^ + i!f . 

3x* By'' 



Similarly, the laws of motion become: 

d'x _ e 9(p 
m dx 



dt« 
dt* 



> 



e B<p 
m By 



(7) 



This particular form of these laws is not very 
convenient in the present consideration, in that 
time enters the eqviations explicitly. 

Taking the principle of least action as a 
starting point simplifies the treatment, but it 
shoxild be noted that all the relations derived 
below can be derived directly from the force laws 
of equation ( 7) . 

The principle of least action states that any 
particle moving between two points in a potential 
field will follow a path such that the integral 
of the momentTom over this path is an extreme, 
either maximum or minimum. Symbolically, this 
principle can be written as: 



6 I mvds = 

A 



(8) 



An electron moving in a potential field has a 
kinetic energy just equal to the decrease in its 
potential energy during its motion. If the po- 
tential is set equal to zero at a point where the 
electron is at rest, the following relation ap- 
plies: 



mv" 



eqp 



' e 
2 — <p 

m 



The momentum in the action integral being 
represented by •/ 2em(p, equation (8) becomes: 



or 
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This Is satisfied by a solution of the corre- 
sponding Euler differential equation: 



dx* 2tp \9y dx Bx 



dx 



(10) 



which is directly derivable from the variation 
principle. Where the numerical values of the po- 
tential as a function of x and y are known, it is 
possible to perform a point— by-point integration 
of this equation (e.g., by the method of differ- 
ences) and thus determine the trajectories of 
electrons in this field. Although extremely la- 
borious , this is probably the most accurate method 
of obtaining electron paths. 

GRAPHICAL TRAJECTORY DETERMINATION 

There are graphical methods for plotting elec- 
tron paths on an equipotential map which are 
easy, rapid, and sufficiently accurate for most 
practical problems. Two of these are of suffi- 
cient importance as practical design tools to be 
worth discussing in detail. 

The first is a circle method. Referring to 
Fig. 5, let it be assxmed that an electron is 




Fig. 5 - Circle method of graphical ray tracing. 

moving in a potential field with the velocity 
indicated by the vector Vq. The magnitude of this 
velocity vector is: 



e 

2 7 "Pi 
m 



(11) 



The electric field, E, is normal to the equi- 
potential 91 and has a value approximately equal 
to 

9i - <Ps 

One component of the field lies along the di- 
rection of motion; the other, Ep, is at right an- 
gles to this direction. The latter exerts a ra- 



dial force on the electron equal to eEp giving 
rise to a centripetal acceleration: 



eE, 



Solving for r and eliminating v with the aid of 
equation (ll) , it follows that 



r = 2 



<P 



(12) 



Accordingly, the path of the electron coincides 
approximately with the arc of a circle of radius 
r tangent to the vector Vq. Actually, this arc 
should be infinitesimal in length, but since the 
equipotentials are close together, it may for 
this approximation be extended to meet the next 
equipotential, 92 • At 92 the velocity vector will 
be tangent to the arc and will have a magnitude: 



If the procedure at the successive equipotentials 
is repeated, the path of the electron can be 
mapped . 

The radius and center of the arc can be found 
graphically to avoid the calcialation indicated in 
equation (12) . First, the approximate direction 
of the field vector, E, is obtained by dropping 
a perpendicular from A, the intersection of the 
path with 9]_, onto the eqxiipotential, (p2> cutting 
it at B. At right angles to the line AB, a line 
is extended until it meets the normal to the ve- 
locity vector at C. It is evident that Ej. must 
lie along the normal to the velocity vector and 
that the center of the arc must also be located 
on this line. If the angle between E and Ej. is 
a, then; 



Ej. = E cos a 



9z - "P: 
A B 



cos a 



and 



r = 2 



fz 



AB 



92 



92 - 9i cos a 



f>s - <Pj 



AC (13) 



Somewhat greater accuracy is obtained if 92 in 
the numerator of equation (13) is replaced by the 
mean potential, giving: 



fs 



9i 



<f2 - <Pi 



AC 



(13a) 



With the aid of this construction, path plot- 
ting can be carried out rapidly and accurately. 

When the path in question starts from a sur- 
face of zero potential it is convenient to make 
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use of the fact that it issues normal to the sur- 
face and has an initial radius of curvature three 
times as large as that of the electrostatic field 
lines in the neighborhood of its point of origin. 

The second graphical procedure is the para- 
bola method. This method is advantageous where 
the curvature of the path is small. In such 
cases the radii are made awkwardly large when 
the circle method is used. Theoretically, if 
the process is carried to the limit and the sep- 
aration between the equipotential lines is made 
to approach zero, either method gives the true 
path. In all practical cases tested, the accu- 
racy of the two methods is about the same. 

The parabola method is based upon the fact 
that an electron moving in a uniform field hav- 
ing a velocity component at right angles to the 
field follows a parabolic path. It utilizes the 
geometric principle illustrated In Fig. 6a, name- 
ly, that the tangent to a parabola at a point 
at an axial distance x from its vertex meets the 
axis at point C, located at -x, or at an axial 
distance 2x from the point of tangency. 




Fig. 6 - Parabola method of ray tracing. 



Again referring to Fig. 6a, let it be assumed 
that an electron at point A is moving with a 
velocity v, as indicated by the vector v, and 
that its motion is due to a uniform field. It 
is possible to determine the parabola giving its 
motion as follows: The component of velocity 
due to the electron having fallen through the 
potential field to point A is v cos 6, where 6 
is the angle between the velocity and field vec- 
tors. The difference of potential (p* between 
point A and the vertex of the parabola will, 
therefore, be: 



9 = V* cos* 9 

2 e 



(14) 



If two equipotentials, <|>i and (()2> ^^® separated 
by a distance d, the field, E, can be expressed 
as 



The distance between the veirtex of the parabola 
and the point A can consequently be written as: 



v" a cos 

2 e 



X = 



<Ps - <Pi 



9i 



d cos* e 



(15) 



- 9x 



Equation (15) indicates a simple construc- 
tion which will locate the point C as shown in 
Fig. 6a. The field vector, E, is extended back 
a distance 

2 <PiCi 



<P8 - <Pj 



to B. From B a perpendicular is dropped to an 
extension of the velocity vector. This perpen- 
dicular will cut this vector at point C. Thus, 
this point can be determined from a knowledge of 
the vectors, v and E. Further, if a line paral- 
lel to E is drawn through C, and extended back 
a distance d to C, this new point must lie on 
the velocity vector for the point on the parabola 
where it intersects the equipotentisil 92. If 
a line is drawn through C and A, it closely rep- 
resents the path between the equipotentials <fi 
and (p2. 

To apply this construction to a general two- 
dimensional potential field, the procedure is as 
follows: Referring to Fig. 6b, the electron is 
at A, moving with a velocity and direction given 
by V. From point A, a line E representing the 
field direction is drawn normal to the equipo- 
tential (P3_, and extends a distance d to 92- This 
line is drawn back from A a distance 



(Pa - (pi 



to point B. A perpendicular is then dropped from 
B onto the prolongation of v, locating point C. 
From C a line parallel to AB is drawn back a dis- 
tance d, locating the point C . A line through 
C and A locates the position of the electron on 
the equipotential 92 » s^'i gives the direction of 
its velocity vector. 

As the curvatxire of the path decreases this 
method becomes Increasingly accurate. It, there- 
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fore, is useful for determining the straighter 
portions of an electron trajectory, where, as 
has already been mentioned, the circle method 
becomes awkward because of the long radii in- 
volved . 

The two plotting methods just discussed can 
be applied in any problem where the motion of 
the electron is confined to a plane; thus, they 
apply to any electrode configuration irtiose po- 
tential can be correctly mapped in a plotting 
tank of the type described. 

THE RUBBER MODEL 

By far the most convenient method of obtain- 
ing electron paths is by means of the rubber mod- 
el. This model can be used in all problems where 
the potential can be expressed as a function of 
two rectangular coordinates, and where the elec- 
tron path is confined to the plane of these co- 
ordinates. The accuracy which can be obtained 
is quite high, but not quite equal to that of a 
path carefully plotted by the graphical methods 
described . 

A rubber membrane, stretched over a frsune, 
is pressed down over a model of the electrode 
system which is made in such a way that its plan 
▼lew corresponds to the geometrical configiu-a- 
tion of the electrodes in the x - y plane while 
the height is proportional to the negative volt- 
age on each electrode. The rubber Is then no 
longer flat, nor does it follow the surfaces of 
the model electrodes, but rather it stretches 
over them in a series of mountains and valleys, 
touching only the top of every electrode. If 
care is taken that the membrane is in contact 
with the full length of the top edge of all the 
electrodes, the contour of its surface is found 
to correspond to an equipotential map of the 
electrode system. 

A small sphere is placed at the iwint cor- 
responding to the electron source and allowed to 
roll on the rubber. The horizontal projection 
of its path is a map of an electron trajectory 
in the electrode system under investigation. 

The proof that the path of the sphere cor- 
rectly represents the electron trajectory is di- 
vided into two parts. First, it is necessary to 
show that the height of every point on the rubber 
model is proportional to the potential existing 
in the electrode system. Second, it must be 
proved that a sphere rolling on such a surface 
follows a trajectory which represents the elec- 
tron motion. 

In order to show that the height z. of the 
rubber sxirface represents the potential distri- 
bution, it is necessary to show that the surface 
obeys the differential equation: 



— + — - 
ax* 9y* 



(16) 



This may readily be demonstrated if two restric- 
tions, which are more or less fulfilled in prac- 



tice, are imposed on the rubber surface. These 
are: (1) that the slope of the surface be every- 
where small, and (2) that the tension of the de- 
formed rubber be uniform over the surface. 

The most straightforward proof applies the 
principle of minimum energy. Since the energy 
in any region is proportional to the area, the 
area integral of the siirface must be a minimum. 
Transforming this minimized integral into the 
Exiler form leads to the differential equation 
required . 

The physical significance of the shape as- 
sumed hy the surface is more apparent if the 
following less rigorous demonstration is used. 
Fig. 7 shows an element of surface area, ds, to- 
gether with the forces acting on it. It is ob- 




Fig. 7 - Forces acting on an element of 
stretched membrane. 



vious that the vector sum of these forces must 
be zero since the element is in equilibritmi. In 
order to set up the conditions of equilibrium, 
the fotir forces Fi, F2, F3, and F^ must each be 
resolved into their components along the coordi- 
nates. Considering first Fi, it is evident from 
the figure that: 



Fx, 



?i cos a = Fj 



dx 
dx 



dx 



(17a) 



dz 
Fi = Fi sin a = Fa — 

dx 



1 + 



m' 



(17b) 



where dz, dx, and a are as indicated. By the 
first restriction, dz/dx is small, so that 
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1 + 



dz 
dx 



and the components become: 



= 1 



Similarly 



^ , dz 



= F, 



termined by the electrode heights. 

It may be mentioned at this point that the 
slope of the rubber surface is everywhere pro- 
portional to the field strength, and that the 
force exerted on any electrode by the rubber is 
proportional to the capacity of that electrode. 

The next problem is to show that a body mov- 
ing under the action of gravity on the rubber 
surface moves along a path which corresponds to 
the electron trajectory. For simplicity, let it 
be assumed that the body in question slides on 
the siu'face, and that its friction is negligible. 

By the principle of least action, the action 
integral must be stationary, or 



^. '- ^. l^ 



mvds = 



(8) 



The two X components must be equal in magnitude 
and opposite in sign. Hence, 



Pa, = - F., 



and 



Fx 



- - ^r± 



Summing the _z components gives the upward force 
due to Fi and F3 which is: 



Since, the system is conservative and hence the 
sum of the kinetic and potential energies must 
remain constant, the momentum mv can be found as 
follows : 

KE + PE = constant 



— mv* = - mgz 

mv = constant /z 
By substitution, equation (8) becomes: 



+ F. = F, 



dz_ 
dx/. 



dz 
dx 



d'z 



9x = 



Ax 



(18) 



where Ax is the length of the element in the x 
direction. 

Applying the second restriction, that the 
force Yi must equal the tension 6 of the mem- 
brane times the width Ay of the element in the 
£ direction, we find that equation (18) becomes: 

f'^z " ^3, = 6 ^ AX Ay (18a) 

In like manner, the vertical components of the 
other two forces are: 

Fe, + F4, = S — ^ Ay Ax 

Finally, since the sum of all the z force compo- 
nents must be zero, and 6 , Ax, and Ay are not 
zero, the equation 

must be true, and proves that _z satisfies the 
Laplace equation for the boundary conditions de- 




dy 
dx 



dz^ 
dx 



dx 



(19) 



It has already been assumed that the slope of the 
rubber is small so that (dz/dx)^ can be neglected 
compared with unity. Therefore, the final form 
of the action integral is 




m 



dx = 



(19a) 



Except for _z replacing ip, equation (19a) is seen 
to be identical with equation (9a) . In the pre- 
vious derivation it was shown that the height z^ 
of the rubber is proportional to the potential 
(p. Therefore, the path of the body sliding on 
the irubber is geometrically similar to the cor- 
responding electron trajectory. 

If, instead of the motion of a sliding body 
that of a rolling sphere is considered, the con- 
clusions are the same, provided the assumption is 
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made that the radiiis of ciirvature R of the sphere 
is small coapared with the radius of curvatiire of 
the rubber. This is shown by deriving the total 
kinetic energy as follows: 

Let da be a small rotation of the sphere. 
Then the displacement, ds, of the center of the 
mass is given by: 

ds = R da 

The angular velocity in terms of the linear veloc- 
ity is thus: 



da 
dt 



1. ll 
R dt 



V 



Next, the sum of the rotational and translation- 
al kinetic energies is expressed as follows: 



KE = - 
2 



(mv^ . I.^j -|(m .|-,j 



1 * 2 

— m v^ 
2 



where nr* is the effective mass. 

As before, the total momentum can now be 
written as i/z times a constant. Hence equation 
(19a) , expressing the principle of least action, 
is unchanged and the path of the rolling sphere 
indicates the desired path. 

Certain assumptions were made in deriving 
the paths on the rubber model and the question 
might well arise as to how closely these assump- 
tions must be fiilfilled jn order not to introduce 
serious errors in the final results. As the re- 
sult of a large number of tests on the model, 
the indications are tlmt even if the slopes be- 
come as great as 30° to 45°, and the tension in 
the rubber very far from uniform, the paths ob- 
tained will be sufficiently acciirate for all 
practical purposes. In fact, the presence of 
friction, which has been neglected in the above 
derivation (except the implied friction required 
to produce rolling) , makes it advisable to use 
fairly steep slopes. 

A practical fonn of the rubber model is shown 
in Fig. 8. Ordinary surgical rubber is stretched 
over a square frame, which is about 3 feet on a 
side. Usually the electrode models are made from 
soft mptal strips, either lead or aluminum, which 
are cut to the correct height to represent the 
potential, and bent to conform with the electrode 
shape. The table supporting the electrodes is 
built of welded angle iron and has a plate-glass 
top. The glass top permits illumination from be- 
low and as a result greatly facilitates the plac- 
ing of the electrodes. Since it is often neces- 
sary to press the rubber down to make it come in 
contact with the more positive electrodes, the 
table is equipped with movable side arms to vfhich 
can be clamped top electrode models. 

It has been found convenient to use 3/l6-inch 



steel ball bearings for the spheres. These have 
an advantage over glass spheres in that they can 
be held at the top of the cathode electrode with 
a small electromagnet and released when desired, 
without any danger of deflecting their coiu'se, 
merely by cutting off the current to the magnet. 




Fig. 8 - Rubber model for the study of 
electron paths. 

VThere a permanent record of the path is de- 
sired, a time exposure for the diu-ation of the 
motion of the sphere can be made. In this case 
it is better to use black rubber for the model, 
and to illuminate it from above. Furthermore, 
with a pulsating light source such as a 60 cycle 
cold arc, the paths will appear as dotted lines. 
The spacing between the dots is a meastire of the 
velocity of the electron. 

Numerical values for the accuracy that can 
be attained with the rubber model are difficult 
to give since the error depends upon the elec- 
tron path. Measurements of the parabolic paths 
obtained en such a model were made t^ P. H. J. A. 
Kleynen, who foimd an error of 1 per cent in the 
height of the parabola, and one of 7 per cent in 
the separation between the arms of the parabola 
when the sphere returned to its initial poten- 
tial. 

Results obtained with the model when used in 
connection with the design of the electrostatic 
multiplier shown in Figs. 9 and 10 indicate its 




Fig. 9 - An experimental electrostatic 
secondary-emission multiplier. 
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Fig. 10 - Electron paths in a multiplier of the type 
shown in Fig. 9 as determined from potential, plot. 
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Fig. 11 - Curves showing terminii of electron 
trajectories in the miiLtiplier as determined 
by direct measurement and from a rubber model. 
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excellence. Plots were made of the initial and 
terminal points of a number of electrons, as in- 
dicated by the model, and again with an aotTial 
electron tube. Two curves of this type are re- 
produced in Fig. 11, and show fairly close agree- 
ment between the two methods of measiorement. 
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Lecture 16 * 

ELECTRON OPTICS 

Part II . ELECTRON-OPTICAL SYSTEMS WITH CYLINDRICALLY 
SYMMETRICAL FIELD-PRODUCING ELEMENTS 

Y. K. Zworykin and G. A. Morton 



INTRODUCTION 

The electron-optical systems to be considered 
in this lecture are those with cylindrically 
symmetrical field-producing elements. All elec- 
tron lenses are based on configurations of this 
type. Conversely, it may be stated quite gen- 
erally that any varying electrostatic or mag- 
netic field which has cylindrical symmetry is 
capable of forming a first-order image, either 
real or virtual. 

The practical importance of electron lenses 
is only now becoming apparent, although they 
have for some time attracted considerable atten- 
tion in the realm of pure science. 

Perhaps the first practical application of 
the electron lens was in the electron gun of 
cathode-ray oscilloscopes. This has been great- 
ly improved in the past few years and is now us- 
ed for television purposes in the Kinescope and 
the Iconoscope. 

Another early use of the electron lens is 
found in the electron microscope. There are a 
great many forms of this microscope, all based 
essentially on the same principle. Fig. 1 il- 
lustrates a high-magnification instniment util- 
izing magnetic electron lenses. Not only is the 
electron microscope an important aid in the study 
of cathodes, secondary emitters, and metal sur- 
faces, but, in addition, it has recently been 
adapted to biological work, and permits higher 
useful magnifications than can be obtained by 
optical means. 

A third application which should be mention- 
ed is its use in connection with the image tube. 
The image tube is of importance because it can 
be combined with the Iconoscope to make a tele- 
vision pickup tube which is many times more sen- 
sitive than the normal Iconoscope. Here again, 
there are a number of possible forms using elec- 
trostatic, magnetic, or combined electrostatic 
and magnetic lenses. An electrostatic image tube 
is shown in Fig. 2. 

In order to make intelligent use of electron 
lenses, it is necessary to have a rather com- 
plete understanding of the process of image for- 
mation. The theory of the formation of images 
in electron optics may be regarded as an exten- 
sion of that applying to light optics. It is, 
therefore, not out of place to review briefly 
the elements of ordinary optics. 



* This lecture contains the same material given 
in pp. 91-120 of the book on TELEVISION by 
Zworykin and Morton. Used by co\u*tesy of John 
Wiley and Sons. 



OPTICAL PRINCIPLES 

When a i^y of light passes throiigh a bound- 
ary between two media in which the velocity of 
light differs, the ray is bent by a process known 
as refraction. The law governing this refrac- 
tion is the well-known Snell's law: 



n sin P 



sin p 



(1) 




ELECTRON SOURCE 
FLEXIBLE TUBE 

SHUTTER 

CONDENSER COIL 

OBJECT CHAMBER 
OBJECTIVE COIL 



PROJECTION COIL 



INTERMEDIATE 
IMAGE 



FLUORESCENT SCREEN 




PHOTOGRAPHIC PLATE 

Fig. 1 - Electron microscope utilizing magnetic 
electron lenses. 
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where g and g' are the angles which the Incident 
and refracted ray make with the normal to the 
boundary between the media having refractive in- 
dices of n and n' , respectively. 



Since, tmder the restrictions imposed, the an- 
gles of incidence and refraction are small, the 
sines appearing in Snell's law may be replaced 
by the angles themselves. Equation (1) becomes 




np = n 3 



(2) 



Fig. 2 - An electron image tube. 

If the boundary separating the two media is 
a section of a spherical surface, a lens wiU be 
formed. Such a surface can be shown to have 
image-forming properties. By this is meant that, 
if the light rays from a small object enter the 
spherical refracting surface, the rays from any 
point will be bent in such a way that they con- 
verge on, or appear to diverge from, a second 
point known as its image point. Furthermore, the 
image points will be ordered in the same way as 
the emitting or object points, so that an image 
is formed of the original object. ?fhere the rays 
travel so that they actually converge on the 
image points, the image formed is said to be real; 
if it is necessary to extend the rays backr/ard 
to the point from which they appear to diverge, 
the image is virtual. 

To prove the existence of the image-forming 
property of these spherical surfaces, it is nec- 
essary to show, first, that the rays from an ob- 
ject point converge on an image point and, sec- 
ond, that the ordering of object and image points 
is similar. The carrying out of this demonstra- 
tion requires the imposing of two restrictions: 
namely, that the object be small, and that the 
rays make very small angles with the normal from 
the object point to the surface. Rays which meet 
these requirements are known as paraxial rays, 
and the image theory based on these restrictions 
is called the first-order theory, or Gaussian 
dioptrics. 

In Fig. 3, P is the object point at a distance 
s. from the spherical boundary of radius R. The 
ray PA emitted at an angle 9 is refracted so that 
it reaches the axis at s_' , and thus makes an an- 
gle 9' with the axis. From the geometry of the 
figure, it is obvious that the angles of inci- 
dence and refraction are: 






and, substituting in equation (2), it follows 
that 



rn 



ne + 



or 



nS + n 



II rn 
- n e + — 
R 



f (n'-n) 



(3) 



However, 9 = r/s and 9' = r/s', so that equation 
(3) can be written as follo7/s: 



n - n 
R 



(4) 



Since neither i^ nor 9 appears in this expres- 
sion, the equation proves that any ray leaving P 
must converge on the point P' at a distance s' 
from the surface. The point P' is, therefore, 
the image point of the object point P. 




Fig. 3 - Refraction at a curved surface. 

Considering next a particular ray QQ', which 
is normal to the refracting surface, it is evi- 
dent from the similar triangles formed that 



y_ 
y 



+(s - R) 



R + s 
Combined with equation (/i) , this becomes: 



y 



+ ns 



n s 



(5) 



Since y'/y is the ratio of the separation of the 
two object points PQ, and the two image points 
P'Q', it is the lateral magnification m of the 
image. This magnification is independent of 
which point on the image is chosen; therefore, 
the ordering of the image and object points will 
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be similar, and the second condition for image or, similarly, for ray 2', where s.' is infinite: 
formation is fulfilled. 

Finally, substituting the relation s'/s = 9/9' 
into equation (5) gives the following equation: 



— + — = constant 

f 00 



nye = n y e 



(6) 



This equation expresses the law of Lagrange and 
is valid for the first-order image formation by 
any number of refracting surfaces. 

Referring back to Fig. 3> it is evident that 
it is possible to conceive of a plane STirface 
which would bend the rays in exactly the same 
way as the spherical surface. As can be seen 
from the figure, the amount of bending required 
to produce an image would be 



= kr 



(7) 



When combined, these equations give 



i i_ - 1 
s s ' f 



1_ 
f 



(8) 



which is the familiar equation for a thin lens 
where f = f ' is by definition the focal length. 
It will be noted that the focal length of the 
system represented Ijy equation (7) is l/k. The 
magnification, as is evident from the geometry 
of the figure, will be 



m = _ 



(9) 



where a is the angle between the incident and 
refracted ray, and r the radial distance from 
the axis at which the ray meets the surface. 

THE THIN LENS 

The formulas just derived are sufficient to 
determine the size and position of the first- 
order image formed by any number or type of cur- 
ved refracting surfaces. However, it is often 
simpler to express the properties of the lens in 
another way. When dealing with the image-form- 
ing properties of a thin lens, such as is illus- 
trated in Fig. At i.e., a refractive mediiim 
bounded by two spherical surfaces having radii 




Fig. 4. - Properties of a thin lens. 

of curvature large compared to the separation 
between them, it is most convenient to make use 
of the derived concept of focal length. 

Since, for this lens, the index of refraction 
in the image and object space is the same, it 
follows from the successive application of equa- 
tion (4) that 

— + — , = constant 
s s ' 

If, as for ray 1, _§. is made equal to infinity, 
this becomes: 

11 * * 

— + — ^, = constant 

00 f 



THE THICK LENS 

The relations developed above can be applied 
with a fair degree of accuracy for all lenses 
whose focal length is long compared to the thick- 
ness. However, if the thickness of the lens can- 
not be considered as negligible compared to the 
focal length, a more complicated set of relations 
is required. These apply to a single lens or to 
a system composed of several lens elements. Ei- 
ther system is spoken of as a "thick lens." 

In order to determine the size and position 
of the Gaussian image formed by a thick lens, it 
is necessary to locate two reference planes known 
as "principal" planes, and the two focal points. 

The two principal planes are the conjugate 
planes for which the optical system has a posi- 
tive magnification of unity. In other words, an 
object at one principal plane produces at the 
other a virtual (erect) image which is the same 
size as the object. The intersections of these 
planes with the axis of the system are known as 
the principal points. Fig. 5 shows a thick-lens 
optical system, the planes MN and M'N' being the 




N N' 
Fig. 5 - Image formation by a thick lens. 



two principal planes, and H and H' the principal 
points. Any ray of light entering the lens from 
the object space parallel to the axis will be 
bent in such a way that it crosses the axis at 
the fxjint F ' . The parallel ray, and the ray 
through the focal point, will, if extended, meet 
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at the principal plane of the image space M'N'. 
Similarly, any ray through the point F in the 
object space will emerge from the lens system 
parallel to the axis. These two rays, when ex- 
tended, meet in the first principal plane M. The 
points F and F' are the first and second focal 
points, respectively. The two focal points, to- 
gether with the two principal points, are known 
as the cardinal points of the lens system. Once 
these have bean located, the first-order image 
of any object can readily be found . The distances 
f and f ' , between the focal points and their 
corresponding principal planes are known as the 
first and second focal lengths. 

From the geometry of Fig. 5, it is evident 
that the lateral magnification m of the system 
is given by 



1 - ll 
"^ " ~ X ~ ~ f 



(10) 



where x and x' are object and image distances 
from the focal points. From this it follows 
that 



XX' 



= ff 



(11) 



The magnification and position can, of ooiorse, 
be referred to the principal points instead of 
the focal points. If _s and s.' are the distances 
of the object and image from the principal planes, 
their values are s = x + f and s' = f ' + x' . When 
these are substituted in equation (11) , the lat- 
ter becomes: 



(s - f) -(s' - f ) = ff ' 



f 



(12) 



which corresponds to equation (8) for a thin 
lens. In the same terms, the magnification is 



s - f 



f 



(13) 



It can be shown that, if the medium in the 
object space has a refractive index n and that 
in the image space is n', the two focal lengths 
will be related as follows: 



f_ 

f ' 



(14) 



As a consequence, if the media on the two sides 
of the system have the same refractive index, the 
first and second focal lengths will be equal. A 
derivation of these laws dealing with a thick 
lens can be found in any elementary textbook on 
optics. 

As was mentioned above, any combination of 
thin lenses may be represented by the four car- 
dinal points of a thick lens. Two thin lenses 



of focal lengths f-^ and £2 separated by a dis- 
tance d will serve as an illustrative example. 
Such a system is shown in Fig. 6. In the fol- 
lowing, all quantities referring to the first 
lens will have the subscript 1; those to the 




Fig. 6 - Cardinal points of a pair of 
thin lenses. 

second lens, the subscript 2; those referring to 
the equivalent thick lens will have no subscript. 
An object at infinity, making 8^^= s =00, is im- 
aged at Fi' by the first lens. This image is the 
object for the second lens, the object distance 
being 



= d 



fi 



The point at which the second lens images this 
virtual object will be the position of second 
focal point F' of the eqiiivalent thick lens. The 
distance between F' and the second lens is, there- 
fore, S2'. Applying equation (12), it follows 
the,t 



1 



d - f. 



f, + f^ - d J 



(15) 



which locates the second focal point. The first 
focal point can be located in a similar way by 
tracing a ray to an image point at infinity. The 
distance between the first lens and the first 
focal point will be found to be 



f, + f, - d 



(15a) 



Furthermore, from the geometry of the two sets 
of ray paths discussed, it can be shown that the 
distances g and g' between the first principal 
point and first lens, and between the second 
principal point and second lens, are: 



g = 



df. 



f, + fg - d 



g' = 



df . 



f, + f^ - d 



(16) 



(16a) 
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In this way, the four cardinal points 
eqiiivalent thick lens can be located. 



INDEX OF REFRACTION IN ELECTRON OPTICS 

From the foregoing it is evident that the 
concept of the index of refraction is important 
in optics. In electron optics the potential, or 
rather the sqiiare root of the potential, plays 
the role of the index of refraction. The fol- 
lowing simple example illustrates the similar- 
ity. Consider an electron moving from a region 
at potential (fj^ through a nairow transition re- 
gion into a region at potential 92- Referring 
to Fig. 7, it will be seen that the regions A 
and C are field-free and at potentials ffi and 



of the From equation (17a) its transverse velocity is 

V, =^2 — (pi sin 01 (19) 
y y m 




*, 



•^^ 



JV2y=V,y 



Fig. 7 - Refraction by potential double layer. 



The angle of emergence 62 is determined by these 
two velocities and is given by 

— - = sin 8, 

Finally, substituting equations (18) and (19) 
into this equation and transposing, it follows 
that 



/ipi sin 6i = /^2 sin 



e, 



(20) 



Comparing this to Snell's law, it will be seen 
that ^ is the exact counterpart of the index 
of refraction n. 

This similarity is quite general, as can be 
proved ty comparing Format's principle of optics: 




and the principle of least action for an elec- 
tron: 



92, respectively; while in the intervening tran- 
sition space B, there exists a field of magni- 
tude (^2 ~ 9i)/d normal to the boundary sheets. 
The boundaries separating the three regions are 
assumed to be conducting sheets which are trans- 
parent to electrons. Such sheets are, of course, 
purely fictitious and can only be approximated 
in practice; however, they are useful for illus- 
trative purposes. The incident electron ap- 
proaching the first sheet has a velocity 



•^ =7^1^^ 



If it makes £in angle Q-^ with the surface normal, 
its velocity can be resolved into two components, 
which are: 



= ^/2 — cpi cos 61 



= >/2 — (pi sin Gj^ 



(17) 



(17a) 



where x is normal to the boundary sheets and 2. 
is parallel to them. As the electron traverses 
the transition region, it is accelerated in the 
X direction by the field, while its y component 
of velocity remains unchanged. The total veloc- 
ity of the emerging electron will, of course, be 



^t-P^ 



(18) 




SIMPLE DOUBLE-LAYER LENS 

The simplest concept of an electron lens is 
probably that formed by two curved double layers 
of the type just described. The arrangement is 
illustrated in Fig. 8. The double layer on the 
object side is assumed to have a radius of ctir- 
vature R-^ and that on the image side a radius 
R2. The potential of the inner surfaces is 92 5 
that of the outer, q)i . 




Fig. 8 - Doubler-layer lens. 



This lens corresponds exactly to an optical 
thin lens with an index of refraction n2 = 'J^ 
immersed in a mediim which has an index of re- 
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fraction n]_ = /i^ . Its 
calculated by elementary 
the equation: 



focal length can be 
optics and is given by 




An electron source, located at a distance s. from 
this lens , emitting electrons with a velocity 
J2{e/m)<f-, will be imaged at a distance _s' . These 
distances are related by the equation 



_1_ J_ 



CONTINUOUS LMSES 



If the type of lens just described were the 
only kind that could be made, electron lenses 
would have little practical value. There exists 
a second, fundamentally different class, and up- 
on this the importance of electron lenses rests. 
The operation of these lenses is based upon the 
following fact: Whenever there exists a region 
in which there is a varying electric field hav- 
ing cylindrical symmetry, this region will have 
properties analogous to those of an optical lens 
system; that is, it will be capable of forming a 
real or virtual image of an emitting sotirce. 

It is evident that a lens formed in this way 
is very different from the familiar glass lens 
treated in conventional optics. Instead of sharp 
boundaries between media of different index of 
refraction, the index of refraction varies con- 
tinuously, both along the axis and radially. This 
being so, it has been found necessary to apply 
different mathematical methods in calculating 
the lens properties resulting from any specific 
field. These properties, once they have been 
found, can be represented by the same four car- 
dinal points which describe an optical thick 
lens, namely, by two focal points and two prin- 
cipal points. 

The simplest lens having a continuously va- 
riable index of refraction is that formed by an 
axially symmetric transition region between two 
constant fields of different magnitude. Physi- 
cally, such a region is approximated by that in 
an apertiure having different field strengths on 
the two sides. This is illustrated in Fig. 9a. 

In order to obtain a physical picture of the 
action of this lens, it is convenient to make 
use of the concept of lines of electrostatic 
force, or field lines, whose direction at any 
point is that of the field and whose density is 
proportional to the field strength. A small vol- 
ume element in the transition region of the lens 
is shown in Fig. 9b. In this region the Laplace 
equation is obeyed and, as was pointed out in the 
preceding lecture, this reqiiires that the niomber 
of field lines which enter the voliome element 
must equal that which leave. It is evident that. 



since the density of lines is different on the 
two ends, lines must enter or leave thro\igh the 
top of the volume. Referring to Fig. 9b, it will 
be seen that this condition can be fulfilled only 
if the field lines are c\irved. Accordingly, the 
field lines are not parallel to the axis, and 



(a) 



(b) 




Fig. 9 - Idealized field distribution 
in simple aperture lens. 

the field can be resolved into radial and axial 
components. The radial component of the field 
will deflect any electron passing through the 
transition region toward ( or away from) the axis. 
This bending action increases with radial dis- 
tance from the axis, as is required for image 
formation. 

The quantitative properties of the lens can 
be determined as follows:-^ First, by applying 
the Laplace eqimtion the radial component of the 
field is obtained. From the radial field compo- 
nent the change in radial momentum of an elec- 
tron in passing through this region is calculat- 
ed. This leads to the value of the change in 
angle of the electron trajectory and, hence, di- 
rectly to the focal length of the system. 

Since there are no charges, the divergence as 
well as the curl of the field are zero . In cylin- 
drical coordinates these can be expressed as fol- 
lows: 



3E, 



1 d 



and 



-- + - — (rEj.) = 
3z r 9r '^ 



3 3Ej 

— (rEr) - r — 



(21) 



(22) 



The total differential of the radial field com- 
ponent is 

d (rE_) = — ("^E.) dz + — (rE_) dr 



9z 



Sr 



1 L.H. Bedford, "Electron Lens Formulas," Phys. 
Soc. Proc, Vol. 46, pp. 882-888: 1934- 
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Substituting from eqimtions (21) and (22) , it 
follows that 



d (rE-) = r 



dz - r dr (23) 

dr Bz 



which gives the radial component in terras of the 
axial field. To determine the first-order-image 
properties of the lens, only the field near the 
axis need be considered. In the vicinity of the 
axis both Eg and dEg/Sz are to the desired ap- 
proximation independent of r. Therefore, equa- 
tion (23) may be written: 



d (rEr) = - r 



dE, 



9z 



dr 



and integrated directly to give: 

r ^ 
^' ^ ~ 2 7>z 



(24) 



The change in radial momentum of an electron 
subjected to this field for a time eqixal to that 
required to traverse the transition region, 
whose width is a, is: 



A mv 



r = -/«^r 



dt 



f»a 



er BEg dz 
2 9z v„ 



(25) 



Although, in view of the restrictions assum- 
ed in the derivation, equation (27) is only a 
first approximation, it is nevertheless useful 
for estimating the behavior of apertures and 
other electron-optical systems. For example, a 
lens often encountered in practice consists of 
two apertiires at different potentials as illus- 
trated in Fig. 10. The focal lengths of the 
apertures considered separately are: 



^ = 



"Pp - "Pi 



^B = 







E=0 



E=- 



V«^B 



E=0 



Fig. 10 - Ray paths in double-aperture 
lens (schematic). 



since dt = dz/vz. As a is small, Vg can be as- 
sumed to be constfint over the transition region, 
and this equation can be integrated, giving: 



A mv. 



er 

2^ 



(Ez - EJ 



The change in angle is, therefore: 
A mv_ 



a = 



mv. 



er 

2v|m 



(Es - El) 



or replacing mvg by 2eq), where (p is the poten- 
tial of the lens: 



When these are combined into a "thick lens", due 
account being taken of the converging action of 
the field between the apertures and the differ- 
ence in potential on the two sides of the lens, 
the focal lengths f and f ' on the object and im- 
age sides of the system are: 



f = 



8d 




(28) 



Eg - El 
4(p 



(26) 



A comparison of equation (26) with equation (7) 
indicates that the lens will form a first-order 
image. Its focal length is 



f = 



4(p 



El — Ej 



(27) 



Again, warning should be given that these re- 
sults are only approximate, and strictly appli- 
cable only when qij^ and tpg are not too different, 
d^ is small compared with the focal length, and 
the aperture diameter small compared with A. 



THE RAY EQUATION 
In most practical cases, the lens region. 
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i.e., the region throughout which the field is equation (29) can be written as 

varying, cannot be considered as small, as was 

assumed in the derivation given in the preceding d'r 

section. To determine the imaging properties of dz* ~ 

a more general electron lens, it is necessary to 

make use of a differential eqiiation of the ray 

path, which can be integrated over the region of „ 




Fig. 11 - Elementary section of the potential 
field of an electron lens. 

varying potential.' Proceeding as in the previ- 
ous example, but considering as the transition 
region an elementary strip between z. and z + Az, 
which is part of an extended region of varying 
potential, the change in radial momentum is 



A mvj. 



re 3E2 Az 



2 Bz V, 



Making the substitutions 



— and 
dt 



BE 
Bz 



z ,v 



a cp 
d^ 



it is foimd that 



dr 
A — = 

dt 2m dz* V 



re d'y Az 
z 



4) being the potential along the axis. Dividing 
through by Az and letting the width of the Az 
elementary strip approach zero, it follows that 



d_ 
dz 



dt 



er 
2mv, 



dz« 



(29) 



By a suitable rearrangement of terms and the 
substitution 



v^ = V = 



2e 



1 dip dr _ 
2ip dz dz 


1 d»<p 
4(p dz* 


r'lp' rip" 
2(p 49 





(30) 



9 



This is the fundamental ray equation used in 
all cylindrically symmetric electron-optical 
problems involving only electrostatic fields. 
When solved it gives the radial distance of the 
electron ray from the axis at every point along 
the axis. Furthermore, its form assures the 
fulfillment of Gaussian, or first-order, image 
requirements . 

SOLUTION OF THE RAY EQUATION 

When a solution of eqviation (30) is possible, 
the first-order-image properties of the electron 
lens system can be readily determined. The pro- 
cedvire is similar to that in optics. An elec- 
tron ray parallel to the axis in object space is 
traced through the lens. Its intersection with 
the axis locates the second focal point. Extend- 
ing a line tangent to the ray at the second fo- 
cal point until it intersects the incident ray 
locates the position of the second principal 
plane. The first focal point and principal plane 
can be determined by similarly considering a ray 
parallel to the axis in image space. With the 
fo^ir cardinal points, the position and magnifi- 
cation of the image corresponding to an arbitra- 
rily placed object can be readily calculated. 
However, it must be remembered that, in order to 
determine the cardinal points in this way, not 
only must both the image and object be outside 
of the lens (i.e., in field-free space) but the 
same must be true of the focal points. 

An alternative method of determining the im- 
aging properties of a lens is to trace through 
the system, first, a ray having a small radial 
initial velocity leaving an object point on the 
axis which is followed until it intersects the 
axis, thus locating the image plane, and second, 
a ray from the object leaving with zero radial 
initial velocity from a point off the axis whose 
intersection with the image plane will give the 
magnification. With the aid of these two ray 
paths the four cardinal points may also be de- 
termined. If the image and object are not in 
the lens, the cardinal points determined by this 
second procedure can be used irrespective of 
whether or not they fall within the lens. If 
the image or object lies within the lens, the 
calculation applies to that particular object or 
image position only. 

The differential ray eqimtion rarely permits 
an analytical solution in practical eases. Again, 
as was found to be necessary in the solution of 
the Laplace equation, numerical approximations 
or graphical methods must be resorted to. 
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A very simple and rapid approximate method 
has been proposed by Richard Gans.2 With a little 
care, this method is capable of an accuracy ad- 
equate for most practical cases. The method con- 
sists of representing the potential along the 
axis by a series of straight-line segments, and 
applying the ray equation along the segments in 
turn. Over any straight segment the second de- 
rivative d2(p/dz2 is zero. The ray equation, 
therefore, becomes: 



d'r 
dz« 



1 dr d(p 
2 (p dz dz 



This can be integrated twice to give: 



dr /- 
dz 



and 



r = Tr 



2C {/^ - /^o) 

dm 

dz 



(31) 



Ola) 



where ro and q)o are the radial position and po- 
tential at the beginning of the segment. 

At the point where two segments meet, d^qi/dz 
is infinite. Integrating equation (30) over the 
transition gives the equation: 



dr 
dz 



dr' 
dz/i 



3(p 
9z /2 



dz L 



-r 



4 9 



(32) 



The subscript 1 indicates values before the 
break-point, and 2, those after the break-point. 
Finally, where the segment is parallel to 
the sixis, the solution becomes 



dz,o 



(z - Zo) 



(33) 



The method, because of its utility as a prac- 
tical means for estimating the performance of any 
electron lens system for which the axial distri- 
bution is known, is worth illustrating by means 
of a simple numerical example. 

The lens system to be considered consists of 
two equidiameter coaxial cylinders. The cylin- 
ders are assumed to have potentials equal to 2 
and 12, respectively. Here the units of poten- 
tial are quite arbitrary, the only thing of im- 
portance, as far as the lens properties are con- 
cerned, is the voltage ratio, which in this ex- 
ample is 6. The axial potential distribution of 



the system has been calculated by means of equa- 
tion (35a) given in the next section, and is 
tabulated in Table I, in which the distance z^ is 
given in cylinder radii. 



Table I 



z 


(p 


z 


<P 


-2.0 


2.05 


0.1 


7.66 


-1.8 


2.10 


0.3 


8.88 


-1.6 


2.16 


0.5 


9.88 


-1.4 


2.27 


0.7 


10.62 


-1.2 


2.44 


0.9 


11.12 


-1.0 


2.70 


1.1 


11.45 


-0.8 


3.12 


1.3 


11.66 


-0.6 


3.72 


1.5 


11.79 


-0.4. 


4.58 


1.7 


11.87 


-0.2 


5.71 


1.9 


11.93 


0.0 


7.00 







It should be pointed out that the potential 
distribution for any desired voltage ratio can 
be obtained with the aid of the values given in 
Table I by adding an appropriate constant. 

The potential distribution is shown by the 
dotted curve of Fig. 12. In addition, this dis- 
tribution is approximated in the figure by a 




Fig. 12 - Axial potential distribution and its 
line segment approximation for a cylinder lens. 



series of six straight-line segments intersect- 
ing at points A, B, C, D, and E. The intersec- 
tions have the following values: 



Point 


z 


<P 


A 


-1.60 


2.0 


B 


-0.96 


2.7 


C 


-0.46 


4.3 


D 


0.60 


10,6 


E 


1.40 


12.0 



^ R. Gans, "Electron Paths in Electron Optics," 
Z. tech. Physik, Vol. 18, pp. 41-48; 1937. 



The slopes of the segments, and consequently 
the potential gradients, ip', represented by them, 
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Segment 


<P' 


00 A 





A B 


1.09 


B C 


3.20 


C D 


5.95 


D E 


1.75 


E oo 






An electron leaves an object point on the 
axis at a distance -12 lens radii from the ori- 
gin, with velocity corresponding to q) = 2 and a 
slope of 0.096. It is required to find the con- 
jugate image point, that is, the point at which 
the electron again intersects the axis. 

The electron will move in a straight line rni- 
til it reaches the first break-point at A. At 
this point, its radial distance is r;^^ = 1.00 and 
its slope rjj^ = 0.096. Its slope at the other 
side of the break-point is given by equation (32): 



rg^ = 0.096 



- 0.040 



1.00 X (1.09 - 0) 
4 X 2.0 



The value for C for 
equation (31) , is 



the segment AB, given by 



C = - 0.040 X 



/2T0 = - 0.057 



Therefore, by equation (31): 
I - 0.057 

and from equation (31a) : 



= - 0.034 



Tg = 1.00 + 



= 0.97 



- 0.114 (/2.7 - /2.O) 
1.09 



words, the image point is 18.0 lens radii from 
the object point. A determination of the path 
by the more exact methods outlined in the next 
section gives the distance betvjeen the object 
and image point as 18. 6 lens radii. Fig. 13 shows 
the exact path of the electron through the sys- 
tem, together with the points corresponding to 
the radial position at the break-point as calcu- 
lated by the approximate method. 



X Points calculated 
by Gans method 
True patti 




6 LENS RADII 



Fig. 13 - Electron trajectory through 
cylinder lens. 



A closer approximation, of course, could have 
been obtained if a greater number of line segments 
had been used to represent the potential, partic- 
ularly on the low-potential side of the lens. 

SPECIAL LENS SYSTEMS 

The electron-optical system consisting of two 
coaxial cylinders of equal diameters forms the 
basis of many practical lenses. The properties 
of this configuration can, of coiu-se, be deter- 
mined by mapping the axial potential distribution 
with the aid of a plotting tank and then tracing 
suitable rays by the method just discussed. How- 
ever, when high accuracy is required, a mathe- 
matical solution may be advantageous. 

Fig. 14 illustrates, in cross-section, two 
semi-infinite coaxial cylinders spaced a negli- 
gible distance apart. The axis of the cylinders 
will be taken as the z-axis of the cylindrical 
coordinate system and the origin of the system 
will be located at the junction of the two cyl- 
inders. 



The calculation continues in the same way for 
each succeeding break-point and segment. The 
results are given in Table II. 

Table II 



Point 


r 


ri- 


r2' 


C 


A 


1.00 


0.096 


-0.0/iO 


-0.057 


B 


0.97 


-0.03A 


-0.022 


-0.366 


C 


0.88 


-0.18 


-0.32 


-0.657 


D 


0.62 


-0.20 


-O.U 


-0.459 


E 


0.51 


-0.13 


-0.11 


- 



From point E the electron continues in a 
straight line, with a slope to the axis of -0.11. 
Therefore, it intersects the axis at a distance 
0.51/0.11 = 4.6 radii from point E, or, in other 



T 

r=i 

_L 



Fig. 14. - Coordinates for electrostatic 
cylinder lens . 

The general solution of the Laplace eqtiation 
for this type of configuration was discussed in 
the preceding lecture. By separating the vari- 
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ables, it was shown that the solution could be 
expressed in the form of the following integral: 

9 (r,z) = I A{k) G(r,k) F(z,k) dk 
where 

ik» , -ik» 

P = a e + b e 

G = c Jo(ikr) + d No(ikr) 

The reqiiirement that the potential remain 
finite as z. increases eliminates all terms with 
complex k. Furthermore, the condition that it 
be finite along the axis requires that the co- 
efficients of the Neumann function be zero. Fi- 
nally, since 



<P 



(yi * Ta) 



is an odd function of z., the only trigonometric 
ftinctions to be considered are sines. Hence, 
the solution can be written as: 



(p(r,z) = — '^^ ~ '^^ Jo(ilfr) sin kz dk 



"Jo kJo(ik) 



•Pi + 9i 



The axial potential and its first two deriv- 
atives are: 



/o \ 1 / V sin kz ^, 
<p(0,z) = — ((pa - (pi) dk 



kJo(ik) 



Vs 



(35a) 




9"(0,z) = - - 
n 



Jo(ik) 



k sin kz 
(qpj - 9i) dk 



Jo(ik) 



(p(r,z) = I B(k) Jo(ikr) sin kz dk + '''^ ^ '^' 
i 2 

(34) 

The coefficient B(k) can be found with the aid 
of botmdary conditions for r = 1, the radius of 
the cylinders being taken as unit length. These 
are: 



(35c) 

These integrals cannot be solved analytical- 
ly, but must be evaluated ty quadrature, which, 
thoiigh laborious, is a fairly straightforward 
procedure. Numerical values of potential thus 
obtained are used to calculate the electron paths 
from the ray equation. 

The solution of the ray equation is expedit- 
ed by the substitution: 



<p (l»z) = (fi for z < 
<p (1, z) = (pa for z > 



This evaliiation leads to: 



B(k)Jo (ik) = - 
n 



(<P2 - ^l) 



sin kz dz 






li.:Llllsin kz dz 



B(k) = ^^' ' '^^^ ( 1 - li. cos kz ) 
nkj^(ik) «— <» 



When this value is placed in equation (34.) , 
the potential is foTmd to be: 



c = - 



_1 dr 
r dz 



The fimction £ is the convergence of the ray. It 
is thus named because it is the reciprocal of the 
distance along the axis from the point at which 
£ is determined to the intersection of a recti- 
linear extension of the ray with the axis. 

When this substitution is made, the ray equa- 
tion (30) becomes: 



dc 
dz 



= c»_ si\r 



2(p 4(p 



(36) 



The evaluation of the equation must be continued 
until the ray is substantially a straight line, 
or until it passes through the image plane. 

The curves reproduced in Fig. 15 locate com- 
pletely the four cardinal points for various val- 
ues <pi/<p2 ini the tyjie of system just described. 
All distances are given in terms of lens radii. 

Besides the coaxial cylinder lens using cyl- 
inders of the same diameters, an infinite number 
of other lenses can, of course, be formed by us- 
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ing cylinders of uneqiml diameters. The effect 
of this difference is to alter to some extent 
the position of the cardinal points. From the 
standpoint of Gaussian dioptrics, there is rare- 
ly any advantage in choosing cylinders of dif- 
ferent diameters. Empirical data, however, in- 
dicate that certain of the image defects can be 
considerably reduced by a proper selection of 
diameter ratios. 



a 

< 

</» 

z 

UJ 




-4 



-8 



Fig. 15 - Focal length and position of focal 

points of cylinder as function of voltage ratio 

(after Epstein, reference 16) . 

APERTURE LENSES 

Another very important class of lenses are 
those formed by a pair of apertured conductors 
at different potentials. Lenses of this class 
are used extensively both in the electron gun 
and in electron imaging devices such as the mi- 
croscope. 

The simplest lens of this type has already 
been discussed. The results obtained for this 
restricted case, however, have very limited ap- 
plication. They can be used only where the po- 
tential difference of the apertures is small so 
that the focal lengths are large compared to the 
spacing between the apertiires and to their diam- 
eters. 

A determination of the first-order-image prop- 
erties of aperature lenses has been made by Polo- 
tovski by electrolytic and graphical methods. 
Fig. 16 reproduces some of his results. These 
curves give the second focal length for various 
voltages, and separation-to-diameter ratios. For 
comparison, equation (28) for the simplified case 
is included in this figure. 



CATHODE LENS SYSTEMS 

In many practical electron-optical lenses, 
the electrons enter the system with essentially 
zero velocity. Such a lens is to be found in the 
electrostatically focused image tube. This type 
of lens, shown in Fig. 17, differs quite radical- 
ly in its properties from the lenses discussed 
so far. 




Fig. 16 - Focal length of double-aperture lenses 
(after Polotovski, reference 15). 

The potential at the point where the electron 
enters the system is zero. In consequence, the 
electron ray originates in a region of zero index 
of refraction. Because of this condition, the 
first focal length is zero and the first princi- 
pal plane is located at the object. 

LENS 




OBJECT 



CATHODE CYLINDER ANODE CYLINDER 

Fig. 17 - Cathode lens. 



Under these conditions, if the electrons were 
actually emitted from the object, that is, the 
cathode, with zero velocity, the image plane 
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would be completely indeterminate. However, the 
assumption of a small radial initial velocity- 
suffices to determine the position and, with it, 
the magnification of the image. In practice, 
both the radial and axial components of the in- 
itial velocity are far from negligible, and are 
responsible for certain aberrations to be dis- 
cussed in the following lecture. 

One of the simplest lenses of this type con- 
sists of two coaxial cylinders of equal diam- 
eter, one infinite in extent, the other termi- 
nated by a flat plane. The terminal plane is 
assiuned to be the electron object. In a conven- 
tional image tube, for example, this plane would 
be a photoelectric cathode. The cathode surface 
is conducting and is electrically connected to 
the cathode cylinder, these elements being at 
zero potential. For convenience, the lens will 
be said to be located at the junction of the two 
cylinders, although actually it extends from the 
cathode to a distance of several cylinder radii 
beyond the jxinotion. The geometry of the lens 
can be seen from Fig. 17. 

The calculation of the potential distribution 
proceeds exactly as in the previous example of 
the two-cylinder lens. It is expedient here to 
use cylindrical coordinates with their origin at 
the cathode. The general solution of the Laplace 
equation, which can be evaluated from the bound- 
ary conditions of the lens, leads to the follow- 
ing integrals which give the potential along the 
axis together with the first and second deriva-* 
tives: 

/•n _\ ^1 cos ku sin kz , , , 
(j>(0,z)=— q,^ dk (37a) 

J„ k Jo (ik) 



dz \ z 2 9/ 4<p 2 z \2 (p 



2 zi 



and thus facilitates the solution by reducing 
the ray equation to a first-order differential 
equation. 

Nximerical determinations of two electron paths 
will locate the image and give its magnification. 
In Fig. 18 the potential and its first two deriv- 
atives are shown, together with two electron 
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.■(0,z) = -^ ,^ ££iJiiL_££iJi£ dk (37b) 



<P (0, z) = - 



r^oo 



<Pi 



k cos ku sin kz 
Jo (ik) 



dk 



(37c) 



As before, these integrals must be evaluated by 
quadrature . 

The numerical values of the potential thus 
obtained can, with the aid of the ray equation, 
be used to obtain the lens properties. In this 
Instance, the convergence function, c, becomes 
infinite at z = and thus cannot be used. How- 
ever, substitution of the function: 



1 
2 z 



i — 
r dz 



leads to: 



Fig. 18 - Axial potential distribution and elec- 
tron trajectories in a cathode lens. 



trajectories. It should be noted that the latter 
are independent of the applied potential, cpi, and 
are a fimction of the cathode-to-lens distance, 
u, only. The relations between image distance, 
object distance, and magnification are given in 
Fig. 19a. 

It is often desirable to arrange the lens in 
such a way that the focal length and image posi- 
tion can be varied electrically. This can be 
done by making the cathode cylinder of resistive 
material so that an axial potential gradient can 
be established on it between cathode and lens. In 
practice, it is convenient to divide the cathode 
cylinder into a number of rings having equal po- 
tential steps between them. Experimentally, this 
is foimd to simulate the resistive cathode cylin- 
der qualitatively and quantatively. 

The performance of this system can be calcu- 
lated by the methods already given. The results 
of such a determination are of value in many de- 
sign problems and are shown in the two curves in 
Fig. 19b. 
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The magnification of the system just describ- 
ed is a function of the image and object distance 
alone and cannot be changed in a given tube con- 
figuration. It is possible, by incorporating a 



cylinders. An electron optical system of this 
type is illustrated in Fig. 19c. For a given tube 
structure and overall voltage, the magnification 
is varied by changing the potential 93 on the 
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third element, to make a lens system which has 
a variable magnification. The additional elec- 
trode may be in the form of an aperture or a short 
cylinder placed between the anode and cathode 



extra electrode and refocusing the image by the 
potential <P2 along the cathode cylinder. 

Before leaving the subject of cathode lens 
systems, some mention should be made of the pro- 
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*3 



*A 



Fig. 19c - An electron lens system ar- 
ranged to give variable magnification. 



THE MAGNETIC LENS 

Thus far the discussion has been limited to 
electrostatic lens systems. Magnetic lenses, 
however, rank as at least equal in importance. 
From a theoretical standpoint, they are very 
much more complicated because the principal 
electron piaths are not confined to a plane. 

The simplest magnetic lens consists of a uni- 
foiTn magnetic field parallel to the axis of the 
system 8Lnd pervading all the region between anode 
and cathode. 



cedure required when they are to be investigated 
by the approximate method described in section 
on Solution of the Ray Equation. In order to 
determine the image position, it is necessary to 
assume an initial radial velocity. In Fig. 20, 
the axial potential distribution of a cathode 
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Fig. 20 - Determination of electron trajectory 
near cathode in Gans method of ray tracing. 



lens system is represented by a series of 
straight-line segments. The electron is emitted 
from the object point. A, with a small radial 
initial velocity, into a region of uniform field 
as represented by the first segment, AB. The 
trajectory of the electron is a parabola. If at 
the end of the first segment its radial distance 
from the axis is 13, then, from the properties 
of the parabola, the slope of its trajectory will 
be rB/2zB where Zg is its axial position. There- 
fore, the electron will enter the first break- 
point on a path described as follows: 



dr 
dz /i 



B 

2z 



B 



r = r 



9 = 



B 
?B 



(38) 




0000000000000000 





Fig. 21 - Electron paths in a uniform 
magnetic field. 

An electron which leaves the emitter parallel 
to the axis is subject to no force from the mag- 
netic field. The time required by this electron 
to traverse the distance between anode and cath- 
ode is given by the integral: 



(39) 



where L is the total distance and Vg the axial 
velocity. When, however, the particle leaves 
with a radial initial velocity, Vr, it will ex- 
perience a force 

F = H e Vj. 

where H is the magnetic field strength. Since 
the direction of this force is at right angles 
to the transverse velocity and to the field, the 
electron path will be curved. The projection of 
this path on a plane normal to the axis is a 
circle, the radius p being given by the relation 
between the Inward acceleration and the centri- 
petal force, i.e.: 



m Vr 



= H e V, 



^=^H 



From this p)oint on, the procedure is the same as 
for any lens system. The choice of the radial 
separation, rg, is arbitrary, and does not af- 
fect the determination of the image position. 



The circumference of this circle will be 2np, 
and, therefore, the time t2 required to traverse 
the circle will be: 
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t, = 



2np 

2wm 
eH 



(40) 



This time is independent of the initial radial 
velocity. If t2 in eqiiation (4.0) , or any multi- 
ple thereof, is equal to tj^ in equation (39) , 
all electrons leaving a point on the soiurce will 
come together at a point in the image plane, re- 
gardless of their initial radial velocity. It 
should be noticed that the image, unlike that 
formed by an electrostatic lens, is erect. 

The magnetic lens representing the other ex- 
treme is also amenable to simple calculation. 
This lens is the limiting case of the short lens. 
Here the magnetic field strength is negligible 
except over a distance which is small compared 
with the distance between object and image. The 
region over which the field is appreciable will 
be termed the lens. Furthermore, throughout this 
region it will be assumed that both the potential, 
qjQ, and the radial distance, Tq, of the ray from 
the axis are constant. The slope of the ray, 
dr/dz, of course, changes. On the basis of these 
assumptions it can be shown that: 



dr 
dz 



dr 
dz 






H* (z) dz (41) 



where H(z) is the axial magnetic field, and the 
slopes with subscripts A and B are those of the 
ray as it enters and leaves the lens region. If 
^ and s.' are the object and image distances, re- 
spectively, for an object point on the axis, it 
follows that: 




'A \ — 'B 
Therefore, it follows that: 

r»B 



^ 8 m cpo Ja 
Its magnification is: 



H* (z) dz 



(42) 



This type of system differs from that consisting 
of a uniform magnetic field in that the image is 
inverted. 

In general, the practical magnetic lens lies 
between the two extremes just described. It is 



capable of forming a real image, and the image 
will be rotated through an angle whose magnitude 
depends upon the configuration and magnitude of 
the field. 

Normally in magnetic lenses the variation in 
electrostatic potential throughout the system is 
such that its converging action is negligible 
compared with that due to the magnetic field, 
and the differential ray equation for a paraxial 
ray is: 



d'r 
dz» 



e H' 
8m (p 



(43) 



The image is rotated through an angle 6, where 



e = 



pi r„ 

V 8 m (p '' 



dz 



(43a) 



An exact solution of equation (4-3) is difficult 
and, usually, impossible. An approximate method 
of solution similar to that used for the electro- 
static lens has been proposed by E. G. Ramberg. 
To illustrate this method, it is assumed that 
the axial distribution of a field has been meas- 
ured or estimated, leading to the smooth curve in 
Fig. 22. The actual distribution is approximated 
by a series of step segments as shown in the f ig- 




I, I2 



Fig. 22 - Approximate representation of axial 
magnetic field. 



The solution of equation (4-3) over any seg- 
ment, for example, that between Zj_ and z^ ^ 1, is 



r = r^ cos 



e H^ 



8 m ip 



(z - Zi) 




8 m cp 



(44) 



where (p is the potential of the segment, H the 
magnetic field, r the radial distance to the ray, 
and zi < z < z^ + j^. Both r. and dr/dz are contin- 
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uous at the breek-points , so that the solutions 
for the individiial segments given by equation (^4) 
join smoothly. 

With the aid of the initial conditions, the 
substituted field distribution, and equation 
(44.) , the path of the ray (or, more exactly, the 
radial displacement), can be traced through the 
lens just as is done for the electrostatic sys- 
tem. Two ray paths are sufficient to determine 
the first-order-image properties of the magnetic 
lens. 

Finally, considering the most general case 
where the lens action is due both to magnetic 
and electrostatic fields, the differential ray 
equation becomes: 



d'r 



1 dr dip 
2 cp dz dz 



- r 



d"^ eH'' 

— I + 



4 (p dz^ 8 mip 



where the symbols have the previously assigned 
meanings. The rotation of the image is given by 
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Lecture 17 

ELECTRON OPTICS 

Part III .ABBERATIONS IN ELECTRON OPTICS 

G. A. Morton and E. 6. Ramberg 



We have seen in the preceding lectures that 
an axially symmetric arrangement of electrodes at 
various potentials positive with respect to the 
source of the electrons, and of magnets, will 
form an image, real or virtiial,-*- of any object 
emitting or Irradiated by electrons. More pre- 
cisely, we found that, if we limited the object 
point to the immediate neighborhood of the axis 
of symmetry and the angles of inclination of the 
electron paths to very small values and if we 
assumed the initial velocities leaving the ob- 
ject point to be identical in magnitude, there 
was a plane in which all of the rays from the 
object point considered intersected anew in a 
point whose distance from the axis was propor- 
tional to that of the object point from the axis. 
We called this new point the image point or the 
image of the object point. Thus, as at the same 
time the relative azimuthal position of the ob- 
ject points to each other, and image points to 
each other, were the same, a geometrically simi- 
lar image of the object was produced in the image 
plane. 

Suppose , now, that we drop the above-mentioned 
restrictions and txirn our attention to real ob- 
jects and images, finite in extent and produced 
by electron pencils of finite cross-section, made 
up of electrons of slightly varying initial ve- 
locities. We will now find that the image is no 
longer geometrically similar to the object and, 
furthermore, that an object point even on or near 
the axis is no longer imaged in a corresponding 
sharp point in the image plane, but rather in a 
disk — the rays cf the finite pencil leaving the 
object point no longer intersect in a single 
point in the image plane. It is the major prob- 
lem of electron optics to design electrode con- 
figurations and magnetic-field producing coils 
which minimize the deviations of the image ob- 
tained from a truly geometrically similar, sharp 
picture of the object. These deviations — more 
exactly the separations between the points of 
intersection of the real electron rays with the 
image plane and the points of intersection as 
predicted from an extrapolation of the faithful, 
Gaussian image produced by infinitely nairow 
pencils of uniform velocity in the neighborhood 
of the axis — are called the aberrations of the 
image. 

In considering these aberrations it is con- 
venient to separate them into components arising 
from different causes and to consider these in- 
dividually. We thus shall treat first the aber- 



rations due to the finite aperture of the elec- 
tron pencils and the finite separations of the 
object points from the axis — the "Seidel aber- 
rations" — and then those due to variations in 
the initial velocities of the electrons — the 
chromatic aberrations. Both terms are borrowed 
from optics: the latter is derived from the fact 
that, as for the different colors or wavelengths 
of light the refracting media have a different 
index of refraction, so for different initial 
velocities the effective index of refraction of 
the field governing the paths of the electrons 
differs — indeed, for purely electric fields, 
it has been brought out that this index is pro- 
portional to the velocity of the electron. 

To begin with, we shall turn our attention to 
the Seidel aberrations, i.e., the aberrations for 
electrons leaving the object with identical ve- 
locities though, in general, in different direc- 
tions. It is interesting to derive their general 
form as well as the general imaging prop)erties 
of the axially symmetric electric and magnetic 
fields from conditions of symmetry. The magni- 
tudes of the aberrations as well as the position 
and magnification of the image must in general 
be derived by evaluation of the ray equation as 
has been shown for the latter two quantities in 
the preceding sections. 

Let us, then, consider an axially symmetric 
array of electrodes at various potentials, as 
well as of magnets, with the z-axis as their axis 
of syimnetiy (Fig. 1) . Normal to this axis let 
there be an object plane with the coordinate 
system Xo,yo and, beyond the focusing fields, an 
image plane I (whose position is yet to be fixed) 
with coordinates ^±t7±> '^^^ respective origins 
lying on the z-axis. We assume the space between 

A I 



■'■ In this lecture we shall confine ourselves to 
the more important case of real images. 




Fig. 1 - Object, aperture, and image planes. 
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and I to be free from matter (space charge neg- 
ligible), so that Laplace's equation holds for 
both the electric and the magnetic field, and 
fvtrthermore, that the space surroianding the plane 

1 is field-free. We now introduce between and 
I, also normal to the z-axis, an "aperture plane" 
A with coordinates Xa,ya — close enough to I 
that the entire space between A and I may be re- 
garded as field-free. We give the same orienta- 
tion to the several coordinate systems, so that, 
e.g., the Xo-» Xa- and x^-axes are coplanar and 
parallel. 

Suppose now that electrons leave variotis 
points of the object plane, throughout with the 
same absolute velocity, though generally in dif- 
ferent directions. If we fix avar attention on 
one such electron leaving the point Xq,Jq in the 
object plane and aimed so that it passes through 
the point Xa»ya °^ ^^ aperture plane, its path 
will, in view of the fixed field conditions, be 
uniquely determined and accordingly also its in- 
tersection y^±t7± with the image plane. Hence we 
may regard the coordinates xi and y± as functions 
of the coordinates of the ray in the object and 
aperture planes, Xo,yo>x^, and ya; and, in view 
of the continuity of the force fields to which 
the electrons are subjected, express them jn terms 
of a power series of these latter four coordinates, 
such as 

Xi = ao + a^Xo + agyo + agX^ + a^y^ + 

2 S 

EsX- + a.Xoyo + a^yo + 



-Xj = Zg - 



aiXo - a^yo - agX - a^y 



agXo + agXoyo + a^yc 



Adding equation (1), we find that the sum of all 
the terms of even order in the coordinates must 
vanish: 

2 2 

= 2ao + BagXo + EagXoyo + 2a7yo + 
SagXoX^ + . . . 

As this must be true for all values in a contin- 
iious range of x©, yo»Xa»ya» all the coefficients 
of the terms of even order Bq, aj, a6, ay, ag... 
mxist vanish individually and we are left with 
terms in the first, third, fifth . . . order in the 
coordinates. If we confine our attention to re- 
gions of the object very close to the axis and 
electron rays leaving these which, also, strike 
the aperture plane very close to the axis (i.e., 
imaging pencils of very small aperture), we gain 
sufficient information regarding the pattern in 
the image plane if we consider the terms of the 
first order cmly. Let us, then, substitute equa- 
tion (2) in equation (1) with q) left arbitrary. 
As the resulting equation must be valid for all 
values of (p, it must be fulfilled by the coeffi- 
cients on the two sides of the equation of cos <p 
and sin cp individually. Hence, we obtain 



asXoX^ + 



(1) 



There is a similar expression, with different co- 
efficients, for yi. We will see that we can 
simplify these expressions very considerably by 
making use of the symmetry conditions of the 
problem. We must here satisfy the obvioxis re- 
quirement that, if we rotate the radius vectors 
to the ray intersections in planes and A through 
any given angle q), the corresponding Intersection 
in plane I is found by rotating the radius vector 
to xi,yi through the same angle 9. Thus equa- 
tion (1) must remain satisfied if we carry out 
the simultaneous substitution; 



(1) 



= a^Xo + agyo + agX + a4y 



(1) 
y^ = - a^Xo + a^yo - a4X^ + agy^ 



(3) 



the superscript (1) indicating that the expres- 
sions constitute an approximation taking account 
of the first-order terms only. 

Consider now a ray leaving the point Xq = 0, 
yo = and passing through xa = c, ya = 0. For 
it we have 



Xj-»XjCos q) - y.sin 9 

Xo-*X(,cos (p - ygsin qi 

X -♦X cos f - y sin <p (2) 

yo — XoSin <p + yoCos q) 



y -►Xj^sin (p + y cos qt 



Putting 9 = 1800 simply changes the sign of all 
the coordinates and we obtain 



(1) 



yi 



(1) 



(4) 



Now the only tangential forces which the electron 
undergoes arise from the action of the magnetic 
field. According to Larmor's theorem its angular 
velocity about the axis is, however, equal to 
eHjj/(2m), where H^ is the longitudinal component 
of the magnetic field at the point of observa- 
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tion.2 As, however, H^ = in the aperture plane 
and beyond, the angular velocity of the electron 
must here be zero throughout. The path of the 
electron between the aperture and image planes 
is thus a straight line proceeding in a meridional 
plane — in our example in the zx-plane. Hence, 
in U), 



(1) 



= and, as c # , a^ = 



Xo = XqCos X - yosm X 



Vo = XoSin X + yocos x 



X = arctan - — 



(6) 



2 2 -g- 



We now take one more step: the ray in the 
zx-plane which we are considering will, in gen- 
eral be inclined to the axis of symmetry. Let us, 
hence , follow it to its point of intersection with 
the axis and fix the image plane I as the plane 
normal to the axis passing through this point. 3 
With this choice of I, we have x^ = and hence 
also a^ = 0. Thus we obtain finally: 






y. = - agXo + a^yo = pyj 



(5) 



where 



If we introduce the polar coordinates r, 9, the 
exact integration of Newton's equation for the 
(p-direction 

— (mr^9) = re (rH^ - zH^) 

taking account of Laplace's equation 



_i + l.l_(rH ) = 
dz r Br 

yields 



r' <p = [r^' 9]„ 



z = 




Jo 

This vanishes, if r = at z = 0, in any plane 
in which Hz= 0. 

3 Our original assxmptions regarding the image 

plane I are equivalent to postulating that this 

point fall into the field-free space beyond the 
focusing fields. 



3 = (ai + aj)' 



^o» ^o ^^® ^^ coordinates of the object point 
referred to a coordinate system rotated with 
respect to the original one (and the systems 
in planes A and I) through the angle % • "e 
thus have the final result that, to a first 
approximation in the coordinates of the ob- 
ject and aperture planes, all the rays leav- 
ing any point in the object plane are re- 
united in a point in the image plane I. Fur- 
thermore, to any array of object points there 
corresponds a geometrically similar array of 
image points with separations magnified, or 
reduced, by the factor P and rotated, one 
relative to the other, through the angle %' 
In short, to a first approximation, our ax- 
ially symmetrical field combination gives a 
sharp and faithful "Gaussian" image of the ob- 
ject. 

For purely electric fields (as for an or- 
dinary optical lens system), the angle x van- 
ishes, as rays starting in a given meridional 
plane do not leave this plane. Owing to the 
fact that in this case all of the forces acting 
on the electron are radial or axial, the rela- 
tion (1) must remain true if we reflect all of 
the coordinates at any meridional plane, e.g., 
change the signs of the x-coordinates and leave 
those of the y-coordinates unchanged (reflec- 
tion at the yz-plane) . This requirement leads 
to a2 = 0, and hence •)( = 0. 

If we drop the assumption of an image field 
of infinitesimal extent and imaging pencils 
of infinitesimal aperture, we must take into 
consideration the terms of higher order in 
the expressions for x^ and y^ — they inform 
us of the deviations of the real image from 
the Gaussian sharp and geometrically faith- 
ful image — the aberrations. For many pur- 
poses, if the image field and apertures are 
not too large, it is sufficient to restrict 
our attention to the terms of the third order. 
We obtain, then, the so-called third-order 
(Seidel) aberrations. Thus, we may write, giv- 
ing a new meaning to the coefficients a^^, a2, 
s-3> a^' 
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AX. = a^X^ 



+ a.x^y^ 



agx^y^ 



+ a.y. 



Aperture Defect 
( Spheri cal 
Aberration.) 



+ bjXoX^ + bjXoX y + 



I 2 



I 2 



fagXey. + '^4yoX^ + 



bsVoX^y, + beyov! 



■SJ'O' a- a 



I 



'eJ'o- 

2 



+ c,x. 



+ C,Xr 



CgXoyoX. + c^Xoyoy 



Csyc 



+ c^yo y. 



.^ . 



+ d^Xo + djXo yo + 

2 3 



Coma 



(7) 
Cart/at ure 

of 
i. Field 
and 
A stigma- 
tism 



Di start i on 



and a similar expression for Ayj[. Axj^ and Ay^ 
are the third-order deviation of the ray inter- 
section with ttie image plane from the correspond- 
ing first-order, Gaussian, intersection or image 
point: 



(3) 



X. + Ax. 



(3) 



y. + Ay, 



For convenience we now refer our object plane 
coordinates to the rotated (primed) coordinate 
system. To the right of every group of terms 
involving the same power of the coordinates of 
the object plane and of the coordinates of the 
image plane, we have written down the customary 
designation of the corresponding aberration. 
Their origin will become evident later. 

An application of o\ir symmetry condition will 
show that the twenty coefficients in equation (7) 
and the further twenty coefficients in the corre- 
sponding expression Ay^ are by no means independ- 
ent. Let us, then, substitute equation (2) in 
equation (7) and satisfy the resulting equation 
individiially for the coefficients of sin 9, cos cp, 
sin^tp, and coS'39. Expressing the coefficients in 
terms of each other as far as the resiilting re- 
lations permit, we find: 



Czy^C^o +yo ) 



+ diXoCxo +yo ) + dgyoCxo +yo ) 



Ay, = 



- a^x (x%yj + a,y (xl+y j 



(8) 



2 2 

a a 



u^i^^yl) - bs^a^yox^-x^yj - 

b-x (xoX +y'y ) + b,y'(x +y J 



+ c^yoCxoX^+yoy^) - c^x^iylx^- 
^'oVj - Ca^oCxoX^ + yoy^) - 

2 2 



CoX (xo +y' ) 



2 2 2 2 

- d„Xo(Xo +y^ ) + d^yoCXg ty^ ) 



If we again consider a ray leaving the point 
on the axis in the object plane (x^ — 7^—0) 



and passing through the point (x^ = c, J^^ = 0) , 
Larmor's theorem tells us that the ray must pro- 
ceed in the zx-plane between A and I and that 
thus' Ayi=0 and hence a2 = 0. We have thus re- 
duced the number of independent third-order coef- 
ficients to 11. For purely electric fields, in 
which case, as we have mentioned, the relations 
must hold if we reflect the coordinates at any 
meridional plane, we have in addition b2 = b^ = 
c^ = C2 = d2 = 0, so that the number of independ- 
ent coefficients reduces to 6. To reduce them to 
their true niunber, i.e., 8 for mixed and 5 for 
purely electric fields, we must introduce a new 
factor into otir considerations. We may derive 
this final simplification if we postulate the 
existence of a wave-surface — i.e., a continuous 
surface normal to all the rays of a pencil orig- 
inating in one particular object point — which 
the central ray of the pencil intersects in the 
aperture plane. Let the equation of this wave- 
surface be f (x,y,z) = 0. The direction cosines 
of the normal at any point of the surface, coin- 
ciding with an electron ray intersecting the im- 
age plane in the point (xi, yi, zi) , will be given 

by 



Ax, = a,xjx^+yj + a^yjx^+yj 



+ b,x. 



(x^+yj + b.yjy.x^-x^yj + 3f [(x,-x)^ + (y,-y)^ + {z^-z}"]^ 



bjyJx'x +yoy ) + b,y'(x +y ) 



+ CjXoCxoX^+yoy^) + CgyoCyoX^- 
XoyJ + CgyoCx^x^+yoy ) + 



91 


3x 


9| 


3s 


Bf 


3y 


3f 


Bs 



(x,-x) 



(9) 



(y,-y) 



li [(x,-x)^ + (y^-y)^ + (z,-z)^]? 
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As we shall see further on, the gradient 9f/ds 
of the wave-fimotion f is a constant in a field- 
free space; furthermore, as the inclinations of 
the rays to the axis are assumed to be small, we 
may replace the root in the denominator on the 
right by the constant Z = z^ - za- Differen- 
tiating, we then find 



5^£ 
3x 3y 



3y 5x 



By 



Bx 



By, 



By, 
Bx 



(10) 



I I 



•3. L 



— Uo(x,+yJ + 2yJxoy^-yoXj 



(Ci + Cj 



y,(xo +yo ) - 



(C1-C5) 



2 2 

y,(xo -yo ) - 2xoyoX, 



as x^ and y^ differ only in the second order 
from the corresponding coordinates x and y of 
the wave-stirf ace . If the wave-surface, or~the 
function f, exists, the two second derivatives 
appearing in equations (10) must be equal and we 
obtain as final condition 



Bx, _ '^y i 

By, Bx, 



(11) 



In view of the approximations made in its deri- 
vation, this Condition applies only as long as we 
restrict the terms in Xi and y± to those of the 
first and third order in the object and aperture 
coordinates . 

Applying equation (11) to equation (8) we ob- 
tain, finally; 



Ax, = aixjx%y^) 



— [xo(x,+yJ + 2x^(x, 



2 2 

'■ +y , 

a a ■ 



x^^+yoyjj + 

— [yo(x, + yJ - 2x^(x„y^-y,xJJ 



b 
3 
(C1+C5) 



xjxo +yo ) + 



(Ci-Cs) 



2 2 

x,(Xo -yo ) + 2Xoyoy. 



2 2 

y,-(Xo -yo ) - 2x.y.x. 



+ diXo(Xo +yo ) + d2yo(X(, ^y^ ) 



(12) 



^^i = ^x^a^^a^ya^ 



x,(xo -yo ) + 2Xoyoy, 



2 2 2 2 

+ diyo(Xo +yo ) - d2Xo(x<, +y(, ) 

We shall now consider the component aberra- 
tions individually, and introduce polar coordi- 
nates 

I I 

Xq = ^O COS <Po 

yo = To sin 90 

X = r cos CD 

a a "a 



y^ = r^ sm cp^ 



to facilitate the discussion. 

If we consider an object point on the axis, 
the only aberration arising is the so-called 
aperture defect or spherical aberration ; 



Ax = a^r cos (p 

la « 
3 

Ay,= Ejr sin cp 



(13) 



The rays passing through a circular zone of the 
aperture plane with a radius equal to ra pass 
through a second circular zone in the image plane 



Ax, + Ay, = (a^rj 



(13' 



whose radius is proportional to the cube of ra. 
Fig. 2 is taken from a paper by Diels and Wendt.4 
At the top it shows the origin of the aperture de- 
fect in a lens, and below this, beam cross-section 
patterns obtained experimentally at the positions 
1, 2, and 3 relative to a magnetic electron lens 
imaging a point source. The upper row was ob- 
tained with a pencil of small aperture; the lower 



^ K. Diels andG. Wendt, "Die 8 Bildfehler dritter 
Ordnung Magnetischer Elektronenlinsen," Zeits. f. 
techn. Physik," Vol. 18, No.3, p. 65; 1937. 
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one with one of large aperture. The aperture de- 
feet arises from the fact that the marginal rays 
are bent more strongly toward the axis and cut 
the axis at points between the lens and the image 
plane. In the presence of this aberration, we 
see from the figure that the sharpest image is 
obtained at a point between the lens and the 
Gaussian image plane (position 3}* 




Fig. 2 - Aperture defect. 
(K. Diels and G. Wendt, reference 4) 



The terms containing the aperture coordinates 
in the second and those of the object plane in 
the first power lead to another aberration, known 
as coma . It is the aberration which, together 
with the spherical aberration already described, 
affects primarily points lying only little off 
the axis, but imaged with rather large aperture 
pencils. For purely electric fields we find for 
points lying on the y^-axis of the object plane, 

&Xj = — r^r^ sin 2(p^ 
3 

Ay. = — ^o^A 2- cos 2(p) 
3 

or, for an apjerture zone of radius r^s 



(14) 



2 



Ay, - 



2b^r, 



i^i^j 



(14') 



For aperture zones of Increasing radius, this 
corresponds to a series of circles enclosed by 
two lines at 30** to the y-axls intersecting at 




Fig. 3a - Coma. 

the Gaussian image point (Fig. 3a). The super- 
position of these circles together with the spher- 
ical aberration giving the vertex of the 60o sec- 
tor a diffuse appearance results in the comet- 
like structure shown in the upper middle photo- 




Fig. 3b — Coma and astigmatism. 
(K. Dlels and G. Wendt, reference 4-) 



graph in Fig. 3b. 4- in the presence of a magnetic 
field (b4 i= 0), the aberration figure (equation 
14') is merely clanged in scale and rotated 
about the Gaussian image point through the angle 
arc tan (b^b^): 



Ax, - r^r. 



Ay. = r.r. 



Ibj sin 29^+ b^(2+ cos 2<p^)] 



(15) 



[bi(2- cos 2<p^) + b^ sin 2(pJ 



Loc. cit. 
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(15-) 



The figures on the left and right of the upper 
row in Fig. 3h represent the extreme case hi = 0, 
b^ =^ 0, indicated in Fig. 3a by dotted lines. 
The two figures were obtained by reversing the 
current in the magnetic focusing coils. 

If we deal with extended objects and beams of 
relatively small aperture, such as is the case, 
for instance, in the image tube, the sharpness 
of the image is primarily influenced by the aber- 
rations proportional to the square of the dis- 
tance of the object point from the axis and to 
the first power of the apertiire distance. These 
are, for a purely electric field: (1) curvature 
of field , and (2) astigmatism . For x^ = 0, we 

have 




SAGITTAL SURFACE 



Fig. U - Curvature of field and 
astigmatism. 

sagittal images of all the points in the object 
plane are called the tangential and sagittal 
image surfaces, respectively. From eqxxation (16) 
and equation (17), we may show that their radii 
of curvature on the axis are given by 



AXj = 



Ay^ = 



2 

Ci + Cs 

2 
c,-c. 



Ax, 



Ay^ = 



ToT^ COS <p. 



r^r sin 



r^r^ cos 9 



ToT^ sin <p. 



(16) 



(17) 



Together, for an apertttre zone of radius ra, 
these give rise to an aberration figure in the 
shape of an ellipse: 



Ay, 



Ax, 



= 1 (16') 



(c^roT^) (CsToT^) 



2c iZ 



and R = 



2c, Z 



(18) 



respectively, where m is the magnification of 
the image and Z is the separation of the aper- 
ture and image planes. For cj^ = cj, the two 
image siurfaces coincide and we have on this sur- 
face a sharp, stigmatic image of the object. For 
ci = - Oc (cxirvatvire of field =0), on the other 
hand, the radii of curvature of the two surfaces 
are equal and opposite in sign, so that the image 
is sharpest in the Gaussian image plane. If both 
conditions are fulfilled (03^=05 = 0), the image 
is, of cotirse, in the absence of other aberra- 
tions, both stigmatic and situated in the Gaus- 
sian image plane. 

Fig. 5 shows the origin of astigmatism and 
curvatxire of field in an electrostatic image tube 
with a flat cathode. Two flat imaging pencils, 
in the meridional plane and normal thereto, have 
been drawn in and, in addition, the tangential 
(T) and sagittal. (S) image surfaces. It is seen 
that in this case the curvatures are extremely 
large. A f\irther example of astigmatism and cur- 
vature of field is given by the lower row of pic- 
tures in Fig. 3b. These pictures show the image 



If c^ = C5 (astigmatism = O) , the figure becomes 
a circle. Fig. A shows the origin of the ellipse 
about the Gaussian image point. We also see here 
that the imaging pencil converges into a line 
segment normal to the meridional plane of the 
principal ray at one point and into a line seg- 
ment in this plane somewhat further on. The first 
we call the tangential, the second the sagittal 
image of the object point. The surfaces of revo- 
lution, tangent to the Gaussian image plane I on 
the axis, which contain the tangential and the 




Fig. 5 - The image formation in a 
flat-cathode image tube. 
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of a point in the tangential and the sagittal 
image stirfaoe and on a surface halfway between 
these. ^ 

In the presence of a magnetic field the aber- 
ration figure for combined curvature of field and 
astigmatism is given by 



AXj^ = c^ror^cos ip^ - Cgror^sin (f. 



Ay. = Cir^r sin <p - Cgrgr cos 9. 



(19) 



This, again, may be shown to be an ellipse, with 
its axes rotated through an angle equal to 



1 , 2C; 
— arctan 



For 01 = - 05, the ellipse degenerates to a cir- 
cle; even if ci = - 05 = 0, however, there will 
be no stigmatic image surface as long as C2 # 0. 
We now come to the last two of the Seidel 
aberrations, ordinary and magnetic distortion . 
These depend only on the coordinates of the ob- 
ject plane. We have 



1. 



Ax^ = diTp cos (pc 



Ay, 



d^rg sin ip^ 



(20) 



the twist being determined by the sign of d2 or 
the direction of the currents in the focusing 
coils (see Fig. 6b) . The axes themselves go over 
into cubic parabolas. Fig. 7 shows experimen- 
tally obtained electron images of a wire mesh'^ 
obtained in the presence of ordinary distortion 
and with both types of distortion present at the 
same time. The second and third pictures differ 
owing to the reversal of the currents in the 
focusing colls. 




Fig. 7 - Distortion. 
(K. Diels and G. Wendt, reference 4) 



2. 



^^i = d^rp sin <po 
Ay. = - djTo cos (po 



(21) 



These aberrations do not affect the sharpness of 
the image (as they do not depend on the aperture 
coordinates) , but only the similarity to the ob- 
ject. The effect of the first distortion is to 
compress the outer parts of the image if the sign 
of di is negative and to expand them if it is 
positive; in the first case we have barrel-shaped, 
in the second cushion-shaped distortion (see Fig. 
6a) . The latter is the type usually encountered 
in electron optics. 



/CUSHION SHAPED 




BARREL SHAPED 




b — MAGNETIC 



Fig. 6 - Distortion. 

In the second case the image is twisted with 
respect to the Gaussian image, the direction of 



A remark should be added regarding the choice 
of the aperture plane. So far we have spoken of 
it as a rather arbitrary, physical plane. It is 
in many ways more advantageous to choose it, in 
agreement with the custom in optics, as the plane 
of the exit pupil, i.e., the normal plane whose 
z-coordinate is given by the intersection with 
the axis of the central ray of a pencil imaging 
a point slightly off the axis, continued back- 
wards as a straight line from the image point. 
Defined in this manner, it will in general be a 
virtual plane, but the ray paths in the space be- 
tween it and the image plane will in any case, 
by definition, be straight and all the theory 
given so far as well as that still to be given 
will apply. Only with this choice will the ef- 
fective aperture normally be circular and con- 
centric with the axis as assumed in deriving the 
abeiration figures and will f\irthermore be sub- 
stantially independent of the position of the ob- 
ject point. In this case only do the aberration 
figures become simple and does the separation of 
the aberration into the eight separate components 
discussed above become significant. 

In obtaining the final expression (equation 
12) for the aberration, we made use, without 
further justification, of the existence of a 
"wave-surface" of the electrons. This may be 



^ Loc. cit. 
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proved readily with the aid of the Hamiltonian 
theory of mechanics which forms the basis of an 
alternative derivation of the aberration^ which 
will be outlined below. 

To begin with, this derivation introduces the 
ray function, otherwise called the point iconal 
or Hamiltonian characteristic function: 



S = 



V 6 

— - — A cos Y I ds = 

c mc ' 



r^o 



nds (22) 



may be described simply as the "electron-optical 
distance" between these two points. 

Suppose now that we keep the point Pi, a par- 
ticular object point acting as source of elec- 
trons, fixed. Then S = constant describes a 
wave-surface for the electrons leaving Pi: if 
we consider two such surfaces, S = Ci and S = C2, 
where C^ and C2 differ very little (Fig. 8) , we 
readily see that, in regions where the magnetic 



where 



S=C2 



V = 



2e(p\? 



is the velocity 



q) is the electric potential 

A is the magnetic vector potential 
of the field (H = curl A) 



X is the angle between the direction of the mag- 
netic vector potential A and the path of the 
electron s.. The integration is to be carried out 
over that path connecting the points P^ and P2 
which minimizes the integral S — this, we shall 
see, is the actual path traveled by an electron 
leaving P^. ^'^ arriving at P2. For, if we ex- 
press the integral in the form 




S = 



F dz 



(23) 



F = n 



^ *i ' * m 



the path minimising it is a solution of the per- 
tinent Euler equations 



q_ or _ £1 = 



d 3F 


_ BF 


dz 3x' 


Bx 


d 3F 


_ BF 


dz By' 


By 



g Of _ _or_ = Q 



y' = 



dx 
dz 

ii 

dz 



(24; 



which may be shown to be simply the equations of 
motion of the electron in our combined electric 
and magnetic field. For a given field, the ray 
function is a function of the coordinates of the 
initial point Px and of the final point P2 of 
the path. If we ascribe to the field the (vari- 
able and anisotropic) index of refraction n, it 



■' W. Rogowski, "Uber Fehler von Elektronenbild- 
em," Archiv fiir Elektrotechnik," Vol. 31, No. 9, 
p. 555; 1937. 



Fig. 8 - Electron wave-surfaces. 



field vanishes (A =0), such as at the aper- 
ture plane, all the electron rays must pro- 
ceed normal to the surfaces. Only then will 
the increase in S in passing from the first 
to the second surface be a minimum, as required 
by the definition of S. Thus S(P2) - C is, 
for the proper choice of C, the fvuiction f(x,y,z) 
which we introduced in equation (9) , and the 
existence of the former function establishes 
the existence of the wave-surface there postu- 
lated . 

Returning to the derivation of the aberrations 
with the aid of the ray function, we set up first 
the ray function for a pencil converging in the 
point 



x. 



(1) 



{i> 



(1) 



of the image plane, the coordinates x^jyaj^a in 
the aperture plane of the constituent rays enter- 
ing in as parameters: 
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S„ = Sj- n 

p la 



(^i - xj + (y^ - yj + z 



= S,-D^Z - 



1^ 

2Z 



, (1) * (!) *, 

(xj ty^ ) - 



2(x, x^+y^ yj + (x^+ yj 



, 2 2,2 2 2 (!) 

(x^+y^) - 4(x^+yJ(x. x^ + 



8Z 



(1) 



2 2^, (1) 2 (1) * 



^i ^a^ ^ 2(x^+yJ(x^ +y^ ) 



4(^1 '^a-^yi ^a) - 4(X, X^ + 



y^ yJCx, +y, ) + 



(Xi +yi ) 



(25) 



If we now fix the position of the image plane 
by requiring 



Z = - 



2 A.. 



we find that, excluding expressions of the fourth 
and higher orders in the coordinates, the func- 
tion S indeed represents a point pencil converg- 
ing to the image point 



(1) 



(1) 



,2 2 i 

(As + A.)* 



2A3 

/ 2 2 4 

(A, + A.}^ 



2 A, 



I 

Xo 



I 

y© 



(28) 



where 



Xo = Xo cos X - yo sm X 
yo = Xo sin X + yo cos x 



X 



= arctan 



-A. 



Here na is the constant index of refraction for 
the field-free space between the aperture and 
image planes and Z is their separation, which is 
assumed to be large compared to the lateral co- 
ordinates entering into the expressions. Si is 
an adjustable constant. 

We compare this expression with the expression 
for a pencil diverging from the object point 
Xo,yo,ZQ, expanded in terms of the coordinates 
in the object and aperture planes: 

S = So+ aiXo+ a2yo+ a3X^+ a^y^t 35X0+- •• 

(26) 

If we make use of the condition that the "elec- 
tron-optical path distance" be invariant imder 
rotation about the axis of the system, we can 
simplify this expansion as before and may write 



as it then becomes, within these limits, if we 
set 

Sj - n^Z + (Ag + A4) 



4A, 



So + Ai(Xo + yo) 



identical with Sp. We may then substitute equa- 
tion (28) in the expression for Sp (equation 25) 
and find, retaining the terms of the fourth or- 
der: 

S - Sp = S,(x%y^)% S2(x%y;)(xoX^+y;yJ 



+ S3(x +y )(xo +yo ) + S^CxqX 



S = So+ Ai(Xo+yo)+ A2(XoX^+yoy^)+ 
^si\+yl)-*- A4(xoy^-yoX^) + 
Bi(x!*yl)'+ B2(x%y^)(XoX^+yoyJ + 
^sCXg^+y^) (xo+yo)+ B^CXoX^+ygy^) + 
B5(XoX^+yoy^)(Xo+yo)+ Be(Xo+yo)^+ 
B7(Xo+yo)(Xoy^-yoX^)+ BeCxgX^ + yoy^) 
(^oy,-yoxj+ B3(x%y')(xoy^-yoX^) 



(27) where the Si 



2 2 

yoy.) * SsCXoX ty^y )(xo +yo )+ 



2 2 

SgCx^ +yo ) + s^i-x-o +yo )(Xoy - 



YoX^) + S8(xoX^+yoy^)(xoy^- 

yoxj + S9(x%y^)(Xoy^-yoxJ 

(29) 
. . . S9 are new coefficients. 
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Now, as S is of the form 



I 



n ds 



the normal to the wave-surface through ^,Js. has 
the direction cosines 



9S 
3x 



3S 

ay. 



If, now, the ray leaving Pi {x^,yl,z},) and pass- 
ing through Xa,ya ^ 'ths apertvire plane inter- 
sects the image plane in yi±,y±, its direction 
cosines between the aperture and image planes 
are given by 

X . — ^ X . —X 

la la 



[(^i-^ 



,) ^ (y,-yj 



2 „2 If^ 

+ z 



? 



and 



y^-y, 



y.-y. 



2 2 2 

(x.-x ) + (y.-y ) + Z 



respectively. As this ray must coincide with 
the above-mentioned normal, the two pairs of di- 
rection cosines must be identical. Similarly, 
the direction cosines for the ray of the corre- 
sponding Gaussian jKiint pencil passing through 
the same point of the aperture plane are 



ax. 



(1) 

x^ - x^ 



I 

By, 



y. - y. 



Hence, we have for the third-order aberrations: 



Ax^ = 



Z d(S- S„) Z 3(S- 5) 



n 3x. 



n By. 



(30) 



Carrying out the differentiations, we arrive at 
an expression for the aberration identical with 
that in equations (12) except for the notation 
employed for the 8 independent coefficients in- 
volved (the term with S£, in equation (29) drops 
out in the differentiation) . 

Having now derived and considered the charac- 
ter of the individual Seidel or monochromatic 
aberrations, we still have to determine their 
magnitude, i.e., the magnitude of the coeffi- 
cients ai . . . d2 or Si . . - Sg, respectively. 
Scherzer" and Glaser^ have derived expressions 
for these in terms of the axial electric and mag- 



° In H. Busch and E. Briiche, "Beitrage zur Elek- 
tronenoptik." J. A. Barth, Leipzig, 1937. 



netic fields. The procedure used by Scherzer is, 
very briefly, the following. In a preceding sec- 
tion it has been shown that the path of an elec- 
tron very close to the axis is given, in the 
case of a purely electric field, by the differ- 
ential equation 



- r 



. r 



- r 



r 



2 $ 4 $ 



(31) 



where $ is the electric potential along the 
axis. With magnetic field, this becomes 



- r 



2 $ 



eH 



r 

4 I 8 m $ 



(32) 



This equation may be obtained from Newton's sec- 
ond law 



Bqj 



m z = erGH^ + e ,^ 
' Bz 



• 2 , • Bip 

m (r - re ) = - erBH + e — ^ 

^ Br 



d , 2. 

— (mr e) = - ezH^ + erH 

at r ! 



by eliminating the time, making use of 



<p(r,z) = $(z) - r + r -^— - 



(33) 



64 



(34) 



and dropping all terms involving higher powers 
of r and i^' than the first. If we retain terms 
of the third order in r and r' , and introduce 
for convenience the variable 



H'H i 



u = re = re 

the eqxiation becomes 



u + u + u 



9- / / H, dz 

8m| 



eH 



2 $ \4 $ 8 m $ 



(35) 



(36) 



where Bq is a fimction of u, u^^ u', u'^, their 
conjugate functions, and the axial fields to- 
gether with their derivatives down to the third. 
Substituting in Bq solutions of the homogeneous 
differential equation, it is possible, by famil- 
iar theorems governing differential equations 
of this type, to solve the same in terms of so- 
lutions of the homogeneous equation. From the 
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solutions can be derived the complete expressions 
for the aberrations. Scherzer has carried this 
through and has given the expressions in a form 
involving derivatives of the electric potential 
only down to the second and of the magnetic field 
to the first. 6 

The practical utilization of these expressions 
and the general conclusions reached concerning 
their magnitude has been so far rather limited. 
In particular, it is of interest to know which 
of these aberrations can be made to disappear 
entirely. An examination of the form of the 
several coefficients has shown here that: 

1) Distortion and coma can be caused to van- 
ish completely, e.g., by making the magnification 
1:1, the electric potential symmetrical about 
the midway plane between object and image, and 
the magnetic field antisymmetrical about this 
plane. In cases where the electrons start from 
rest, as for instance in the image tube, this 
method is, however, of no value, as they would have 
to arrive at the screen with zero energy as well. 

2) Spherical aberration can be made to vanish 
under no circumstances.' The minimxun spherical 
aberration for weak electric and magnetic lenses 
has been calculated by Scherzer^ and by Rebsch 
and Schneider. 9 As weak lenses have little prac- 
tical interest, we shall merely indicate their 
general conclt^sions: 

a. The spherical aberration for weak elec- 
tric and magnetic lenses is of the same order. 
In the optimum case, it is 20 per cent less for 
electric than for magnetic lenses of equal aper- 
ture, focal length, and length. 

b. The limit for immersion objectives and 
magnetic lenses with image rotation is l/9 as 
large as that for electric imit lenses (with the 
same potential on object and image side) and mag- 
netic lenses without image rotation (compensating 

colls) . 

c. No improvement with respect to spher- 
ical aberration over either the electric or mag- 
netic lens can be obtained by combining these two. 

The spherical aberration of an electron 
lens consisting of two concentric cylinders has 
been studied experimentally, in view of its great 
Importance in connection with the production of 
fine spots with electron guns, by Epstein^O and 

" Loc. cit. 

"^ 0. Scherzer, "tjber einige Fehler von Elek- 
tronenlinsen," Zeits. f. Physik, Vol. 101, No.9- 
10, p. 593; 1936. 

0. Scherzer, "Die Schwache Elektrlsche Einzel- 
llnse Geringster Spharischer Aberration," Zeits. 
f. Physik, Vol. 101, No. 1-2, p. 23; 1936. 

^ R. Rebsch and W. Schneider, "Der Offnungs- 
fehler Schwacher Elektronenlinsen," Zeits. f. 
Physik, Vol. 107, No.1-2; p. 138; 1937. 

D. W. Epstein, "Electron Optical System of Two 
Cylinders as Applied to Cathode-Ray Tubes," Proc. 
I.R.E., Vol. 24., No.8, p. 1095; August, 1936. 



Gtindert.-'-l Epstein placed a diaphragm with a 
series of apertures in the second anode cylinder 
and observed the image on a movable screen. He 
measured out the separations of the spots due to 
the outer apertiires from the central spot. Using 
two diameter ratios, 1.5 and 3.6, the larger one 
being at the higher jwtential, Epstein obtained 
slightly better results with the ratio 3-6. 

Gundert used the very different technique 
of introducing traces of gas into the tube — he 
could show that this did not affect his results 
appreciably — and photographing thread or gas- 
focused rays which he directed by means of de- 
flecting coils. He found that the spherical 
aberration could be reduced considerably by mak- 
ing the second anode (at the higher potential) 
diameter smaller than that of the first anode. 
In this case, by bringing the marginal rays close 
to the edge of the electrode in the negative por- 
tion of the lens, he found that they are here 
refracted away from the axis so much more than 
the paraxial rays, that the excessive refraction 
toward the axis in the positive portion of the 
lens is partly compensated. Fig. 9 illustrates 
this condition. 




Fig. 9 - Aperture defect for cylinder lenses. 



3) Curvature of field and astigmatism pres- 
ent special problems. Riedll2 has been able to 
show that in the case of the electric weak short 
unit lens the curvature and astigmatism cannot 
be made to vanish for a plane object — the tan- 
gential image is invariably concave towai^ the 
lens. While this proof refers to a very limited 
case, all electron-optical systems considered so 
far (except the uniform electric and magnetic 
field types) appear to suffer to some extant from 



11 E. Gundert, "Nachweis der Abbildungsfehler von 
Elektronenlinsen nach der Fadenstrahlmethode," 
Phys. Zeits., Vol. 38, No. 12, p. ^62; June, 1937. 
(Later papers contradict some of his conclusions.) 

12 H. Rledl, "Die Bildf ehler 3 Ordnung der Kurzen 
Schwachen Rein Elektrischen Elektronen-Einzel- 
linse," Zeits. f. Physik, Vol. 107, p. 210; 1937. 
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Fig. 10 - Curvature of field of image tube. 

the same defect. Fig. 10 shows the shape of the 
tangential and sagittal surfaces as measured and 
calculated for an electrostatic image tube with 
a flat cathode. 13 The image of a simple square 
pattern obtained Tinder these circumstances is 




Fig. 11a - Image field of flat- 
cathode image tube. 




Fig. lib - Image field of ciirved- 
cathode image tube. 



13 G. A. Morton and E. G. Ramberg, "Electron Op- 
tics of an Image Tube," Physics, Vol. 7, p. 4-51J 
December, 1936. 



shown in Fig. 11a. The only practical way found 
so far for obtaining a completely flat image 
field is to curve the cathode or object; the im- 
provement obtained by giving the cathode a radius 
of curvature approximately equal to its distance 
from the lens is shown in Fig. lib. A rough idea 
of why this improvement is obtained may be gain- 
ed from Fig. 12, in which a principal ray is 
traced through the field of both types of tubes. 
In the flat-cathode tube the marginal ray is 




Fig. 12 - Potential distribution and image 
curvature in tubes with flat and curved 
cathode (Schematic) . 

strongly refracted in the first part of its pass- 
age. As a result, there are great differences 
in the focusing distances along it and the cen- 
tral ray as well as in the focusing distances of 
the sagittal and tangential pencils. This con- 
dition gives rise to strong curvature and astig- 
matism. In the curved-cathode tube all of the 
principal rays proceed practically normal to the 
first few equipotentials and are thus refracted 
similarly. Consequently, there are approximate- 
ly equal focusing distances along them. 

We now come to the chromatic aberrations of 
electron lenses, i.e., the image defects due to 
variations in the initial velocities of the 
electrons. Scherzer? was able to show qiiite gen- 
erally that for any electric and magnetic lens 
Combination, electron rays leaving the object 
were refracted less and came to a focus at a 
point fTorther removed from the lens in proportion 
as their initial velocities are greater. Thus, 
achromatic lenses are impossible in electron op- 
tics. This statement does not, however, apply 
to systems involving electron mirrors, though 
even with their aid we cannot achieve true ach- 
romatism if the electrons leave the object with 



Loc. cit. 
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initial velocities ranging from zero upward. 
This very important case is realized wherever 
the object is in the form of a photoelectric, 
thermionic, or secondary-emission cathode. If, 
here, we denote the initial radial velocity in 
volts by Vp, and the axial velocity by V^, the 
diameter of the corresponding circle of aberra- 
tion is given by 



A = 



V,\* 



+ b 



where a and b are constants and D is the overall 
applied potential. If the electron-optical sys- 
tem contains a mirror, b may take on negative 
values of such magnitude that A will vanish for 
any one particular value of Vg — not for all 
values of Vz, provided they are sufficiently 
small, as true achromatism would require. How- 
ever, the improvement that can be gained in this 
respect by adding a mirror is very considerable. 
Before considering this improvement from a 
quantitative point of view, however, it is well 
to introduce some simple formulas derived for 
simple types of image tubes by Henneberg and 
Recknagel.l^ If the initial volt velocity of the 
electrons is given byV, the distance between the 
object and image by L, and the field at the cath- 
ode by F, we have for the diameter of the circle 
of diffusion to a first approximation (see Fig. 

13): 

1) For a simple accelerating field 



To show the relative magnitude of the chromatic 
aberration as calculated for an image tube with 
mirror, an uncorrected electrostatic image tube, 
and an image tube with short magnetic lens with 
the same object distance, we may write down a 
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(a) SIMPLE ACCELERATING FIELD 

(b) UNIFORM ELECTRIC AND MAGNETIC FIELD 
(C) IMAGE TUBE 

Fig. 13 

few numerical values of the diameter of the circle 
of diffusion as shown in Table I. 

The image tube with mirror is represented in 
Fig. Li. A transverse magnetic field directs the 
electron rays from the photocathode neck into 
the mirror and from here to the screen. The po- 
tential of the mirror electrode Un is adjusted 
for every focusing voltage U^ so that the photo- 
cathode remains focused on the screen. It is 
seen that, in general, very small changes in XS^ 
are sufficient for this. 
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(37) 



2) For a uniform magnetic field superposed 
on a uniform electric field 



V 2V 
A = 2 L — = — 
U F 



(38) 



3) For the image tube with electric or mag- 
netic lens 

^ = 2 m — (m = magnification) (39) 
F 

For the short magnetic lens with the whole field 
applied between the cathode and the lens, equa- 
tion (39) becomes 



2m ^ V 

A = L — 

2m + l U 



(40) 



1^ W. Henneberg and A. Recknagel, "Der Chroma- 
tische Fehler bei Elektronenoptischen Anordnungen 
Insbesonder beim Bildwandler," Zeits. f. techn. 
Phys., Vol. 16, No. 8, p. 230j 1935. 
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DIAMETER OF SPHERE: 6 

Fig. 14 - Image tube ?ri.th mirror. 



The table shows that, for favorable adjust- 
ment of the potentials (U^ = 1000 volts) , the 
chromatic aberration for electrostatic focusing 
together with an electron mirror may be as low 
or even lower in the desired range than that of 
the most favorable magnetic focusing arrangement. 
Without a mirror the magnetic image tube gives 
very much less chromatic aberration than the 
electrostatic tube operated in the usual manner 
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Table I 





DIAMETER OF THE CIRCLE OF 


DIFJUSION (IN INCHES) 
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Image Tube With Mirror 


Uncorrected 

Electrostatic 


Image Tube 
With Short 


Focusing Volts U^ = 4000 2000 1000 


600 


Mirror Elec- \ „ = _3^75 .1^75 _i^95 
trode Volts > 


-1525 


Image Tube 


Magnetic Lens 


0.5 


.0006 .0002 .0008 


.0015 


.0028 


.0005 


1.0 


.0022 .0010 .0013 


.0027 


.0054 


.0009 


2.0 


.0068 .0039 .0021 


.0050 


.0109 


.0018 


3.0 


.0130 .0081 .0026 


.0070 


.0164 


.0027 


5.0 


.0292 .0195 .0035 


.0103 


.0274 


.0045 



with direct focusing, as in the latter the initial 
fields are nnich weaker. 

Henneberg and Recknagel also considered the 
effect of the initial velocities off the axis. 
For the short magnetic lens, in particular, they 
fovmd the simple expression 



ro(m + 1) — 
U 



(41) 



for the deviation of the intersection of the 
principal ray in the image plane from that corre- 



sponding to zero initial velocities. As rgm, 
the radius vector to the image point, is generally 
much less than L, the distance between the ob- 
ject and the image. A' « A and can usually be 
neglected. 

It may be remarked that in the above consid- 
erations on the chromatic aberrations of image 
tubes we have, in effect, treated chromatic and 
spherical aberration together, as the spread in 
initial velocities here determines, at the same 
time, the aperture of the imaging pencils. 



167 



Lecture 18 

RADIO RECEIVING TUBE COMPONENTS AND THEIR MANUFACTURE 

N. R. Snith 



The design of radio tubes (particularly re- 
ceiving types) is subject to the same restric- 
tions that govern the design of any appliance. 
The external size and shape of the tube are more 
often determined by the equipment in which the 
tube is to be used than by requirements which 
would facilitate man\ifacturing conditions. Of 
coiirse, when a tube has been placed on the mar- 
ket these dimensions must be maintained . Just how 
accurately these dimensions must be maintained 
was demonstrated during the conversion of the 
"S" to the "ST" bulbs in 1932 when a difference 
of as little as 1° in slope of the side of the 
balb and a l/8" increase in bulb-neck diameter 
caused difficulty in replacements in certain in- 
stallations. 

ENCLOSURES 

Prior to the development of the metal tubes, 
the types of enclosures for production-type re- 
ceiving tubes could be classified into five sep- 
arate groups varying in biilb size and shape, The 
metal tubes produced five new enclosures which 
were shortly increased by revisions made to the 
glass tubes so as to make them interchangeable 
with the metal types. Following these additions, 
new tubes were designed in glass to approximate 
■the size of the metal tube which further increased 
the types of enclosures until at the present time 
there are between fifteen and twenty separate 
types of enclosures required for receiving tubes. 
Duplication of tubes of a given type in various 
enclosures divides the production on the type 
and increases the burden on a factory which has 
to adjust its equipment to accommodate each type 
of enclosure. Such a condition, naturally, pro- 
duces an undesirable manufacturing situation 
which must be relieved from one of the following 
sources: 

1) A reduction in cost of a line of tubes 
in one of the existing types of enclosures suf- 
ficient to eliminate competition from all other 
types . 

2) The design of mounts which can be used 
interchangeably with the various types of enclo- 
sures. 

3) A new line of tubes so improved in de- 
sign and reduced in cost as to eliminate compe- 
tition from existing types. 

Regardless of what the solution to this problem 
will finally be, it is apparent that structural 
design will be the most essential factor in ob- 
taining the answer. 

BASES 

The majority of bases used on radio tubes to- 
day consist of a plastic material molded under 



heat and pressure to the desired shapes. The ma- 
terial used must have a low power factor at high 
frequencies, must stand the operating tempera- 
ture of the tube, and must not be affected ad- 
versely by the presence of moisture. The material 
used in radio-tube bases will stand approximately 
170°C before softening or blistering, and is non- 
hygroscopic. 

The contact pins are of two varieties; one 
type is drawn from flat brass stock into the long 
tubular section by means of an eyelet machine, 
and is designated as a solid or drawn pin; the 
second type is made from flat brass stock formed 
into a tubular shape and swaged to size and is 
known as a seamed pin. 

Other bases which are used for special appli- 
cations have a metal shell with a ceramic or mica 
composition insert. These bases are considerably 
more expensive and are used only when an appli- 
cation demands. 

In the early manufacture of plastic composi- 
tion bases, the contact pins were molded into 
the shell. Now it is almost universal practice 
to mold the shell and stake the pins into the 
base in a subsequent operation. 

It is interesting to note in the history of 
the development of the- radio- tube base, that the 
initial bases were made of a plastic material 
Tfhich was replaced during the early production 
of tubes in I916 by the brass-shell, ceramic-in- 
sert base and did not come into general use again 
until the fall of 192^. 

The early bases had four short pins, the ends 
of which made contact with the socket prongs. 
These bases also had a pin on the side of the 
base shell by means of which the tube was held 
in the socket. The short pins were replaced by 
longer ones which fitted into sleeve contacts in 
the socket. These side contacts provided more 
positive connections, and eliminated the need 
for the side or bayonet pin. These long-pin bases 
were known as "UX" bases, and were used univer- 
sally for receiving tubes until 1935 when the 
present octal base was developed for metal tubes . 

Recently, tubes have been designed without 
bases. The external contacts are provided by 
0.0 50 "-diameter leads sealed into a glass-button 
stem. 

BULBS 

Glass bulbs can be obtained in a great vari- 
ety of shapes; however, for any given shape, the 
bulbs are usually designed in accordance with 
empirical formulas which assure proper glass 
distribution and correct proportions. 

Bulbs are designated by a descriptive nomen- 
clature consisting of one or more letters indi- 
cating the bulb shape followed by one or more 
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digits expressing the maximum diameter of the 
bulb in eighths of an inch followed by a letter 
and numeral designating the shape of the neck 
and cullet, respectively. Thus, the designation 
ST12D1 indicates a combination "S" and "T" bulb 
12/8" or I-I/2" in diameter. All bulb dimensions 
are outside or mold dimensions. 

When a bulb is designed, the diameters are 
made concentric with a vertical axis AB and a ll 
vertical dimensions are referred to a plane CD 
normal to the AB axis and cutting the bulb at the 
point where the side wall meets the neck. 

The choice as to size of bulb to use for a 
given application is governed by the heat dissi- 
pation expected from the tube. Although no fixed 
value has been established for soft glass, expe- 
rience indicates that approximately 3 watts per 
square inch of bulb surface above the CD line is 
satisfactory. However, a value less than this is 
generally used in order to keep the operating 
temperature of the stem within safer values. For 
metal tubes , a value of 2 . 5 watts per square inch 
of shell surface has been used as a maximum value 
in order to keep the shell temperature below 
2000c and protect the painted surface. 

The method used for blowing a glass bulb de- 
pends on the production required, the size, and 
the shape . Small bulbs may be molded from tubing . 
Bulbs made in this manner usually are fairly uni- 
form in cross-section, since the glass distribu- 
tion is controlled in the manufacture of the tub- 
ing. A small quantity of special bulbs is usu- 
ally hand-blown especially in those sizes which 
cannot be obtained from tubing. Bulbs which are 
required in large quantities are blown either on 
the Westlake machine or the Ribbon machine. In 
the operation of the Westlake machine, a mass of 
molten glass is transferred to the mold revolv- 
ing with the turret and the bulb is blown to 
shape. In the operation of the Ribbon machine, 
molten glass flows from a furnace continuously 
under constant temperature and pressure between 
rolls which form the molten glass into a ribbon. 
Blanks are then stamped from this ribbon and 
blown into molds. As many as 500 bulbs per min- 
ute can be obtained from this machine. 

STEMS 

Four types of stems have been used in the pro- 
duction of radio tubes. The glass-flare stem 
(Fig. 1) consists of a piece of glass tubing with 
one end formed into a flare, and the opposite end 
pinched to form the seal containing the leads. 
Until a short time ago, the use of gauge ^1 or 
larger tubing to produce a stem of this charac- 
ter shorter than 29 millimeters was considered 
impractical; however, stems as short as lA milli- 
meters have been used successfully in production. 
The factors which combine to fix the length of a 
flare are the spread of the leads which determine 
the diameter of tubing required and the length 
of the press. The length of the press has been 
reduced on the 14.-millimeter stems from 10 to 6 



millimeters. The flare diameter is governed by 
the size of the base used. The total clearance 
usually allowed between the flare and the inside 
walls of the base is 5 millimeters. This permits 
sufficient room for cement. An exception to this 
rule is found in the GT tubes, in which the bulb 
is seated in the bottom of the base. In this case 
not so much cement is necessary, ajid since it is 
desirable to use as large a flare as possible, 
the clearance has been reduced to 2 millimeters. 
The smallest flare diameter should always exceed 
the tubing diameter by at least 3 millimeters, 
and if the flare is short, this ratio should be 
increased in order to permit satisfactory sealing 
and eliminate danger of stuck seals. 




Fig. 1 - Glass-flare stem. 

The clearance between leads in a flat-press 
stem should permit a minimum of 0.030" of glass. 
This spacing is determined by the diameter of the 
inner lead or weld knot, whichever is the larger. 
In many instsinces, of course, this spacing must 
be increased to eliminate possible difficulty 
from electrolysis. 

In the metal-tube stem shov/n in Fig. 2a, each 
lead is brought into the tube through an indivi- 
dual metal eyelet, and made vacuum tight by means 
of a glass seal. The amount of assembly work nec- 
essary on a stem of this type with the consequent 
cost has caused it to be abandoned in favor of 
the metal-tube button stem shown in Fig. 2b. 

The metal-tube button stem consists of a glass 
button molded into a metal sleeve. In the fabri- 
cation of the stem, a chrome-iron sleeve having 
approximately the same coefficient of expansion 
as the glass is welded to a cold-rolled steel 
flange. This assembly is loaded onto a mold in 
which the lead wires have been located; and one 
short length of glass tubing is placed inside the 
lead wires and one outside. The whole assembly 
is heated and the glass pressed into the metal 
sleeve. The cooling of the button is carefully 
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controlled in order to obtain the correct com- 
pression strain in the finished part. 

The fourth stem (shown in Fig. 3) is the all- 
glass button stem, and is fabricated in much the 
same manner as the metal- tube button stem, except 
that the metal sleeve is omitted and the glass 
is shaped by the mold. 
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Fig. 2 - (a) Metal-tube stem with metal 

eyelets . 
(b) Metal-tube button stem. 

The principal advantage of the glass button 
stem over the flared stem is that it offers an 
opportunity to reduce the overall length of the 
tube slightly, and improves the shielding con- 
ditions which are rather important in single- 
ended designs. 

FILAMENT COATING 

There are three methods available for coating 



filaments. The most economical procedure to date 
is known as drag coating. Under this method the 
filament base wire or ribbon is continuously coat- 
ed by passing the wire alternately over grooved 
wheels running in baths of coating material, then 
through electric furnaces to bake the coating on, 
and continuing this process until the proper 
amount of coating has been applied. After coat- 
ing, the wire is respooled and stored until re- 
quired for forming and use in tubes. 

Formed filaments which are sufficiently rug- 
ged may be sprayed. This method is slower than 
the drag-coating process, but is advantageous 
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Fig. 3 - All-glass button stem. 



inasmuch as it permits forming the base wire be- 
fore the coating is applied. 

In a third method, which has not proved of 
sufficient advantage to have more than a limited 
application, the coating is applied by depositing 
it electrically on the wire. This can be done as 
a continuous process or applied after forming 
the filament. 

HEATERS 

Heaters used in receiving tubes can be grouped 
into two general classes, coil heaters and 
straight-wire folded heaters, as shown in Fig. 4. 
Of the various coil heaters, the double helix is 
the most popular and is used in the majority of 
the applications because of its superior elec- 
trical characteristics, its ease of fabrication, 
and its convenience in tube assembly. Other coil 
heaters which are used are the straight-wound 
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coil and the folded coil heaters. All coil heat- 
ers are sprayed with an insulating material. This 
operation involves hand-racking, either hand or 
automatic spraying, and baking at high tempera- 
ture to cure the insulation material. 

The straight-wire folded heaters have the ad- 
vantage that the wire can be continuously coated 
and baked. This procedure is much faster than 
the spraying method required for coil-type heat- 
ers. However, forming and assembly operations 
for the straight-wire folded heater at the pres- 
ent time, are sufficiently more difficult so that 
the gain made through continuous coating is for 
the most part lost, and the net advantage of this 
heater when compared with the double helix is 
doubtful, except for special applications. Where 
wide flat cathodes are used, the folded heater 
may offer better heat distribution and some gain 
in the strength of the assembly. 



Although nickel is the basic material used 
for all cathodes, various percentages of other 
elements are alloyed with it to either increase 
the strength of the cathode or to improve the 
emissive qualities. 

The emissive coating is applied in all cases 
by racking the cathodes and spraying. The den- 
sity, weight, and character of the coating is 
controlled by the number of passes, the distance 
of the rack from the gun, and the density of the 
spray mixture. 

GRIDS 

The two types of grids used in production are 
shown in Fig. 5a and b. The wound grid, shown in 
Fig. 5a, has been standard since the earliest 
manufacture of tubes, and is formed in a long 
strip on a lathe by winding the grid wire around 





Straight-wound 
coil heaters 



Double-helix 
coil heaters 



Straight-wire 
folded heaters 



Fig. U - Types of heaters. 



CATHODES 

Of the two forms of cathodes used in the manu- 
facture of receiving tubes, the lock-seam cathode 
serves for the majority of the applications, due 
to the fact that it can be conveniently formed 
from flat stock to the various shapes desired 
at a more reasonable cost than can be obtained 
with the use of seamless tubing. Seamless tubing 
is obtained by either an electrolytic or an ex- 
trusion method, and is received in random lengths 
which must be cut to finished size in a lathe. 
Embossing or forming the cathode to other than 
its original cylindrical shape is a difficult 
and comparatively slow operation when compared 
with the forming operation for the lock-seam 
cathode. 



a mandrel through notches cut in the side-rods . 
The notches are then closed or peened over the 
grid wire to hold the turns in place. Depending 
on the length of the finished grid, 6 to 10 grids 
can be obtained from a strip. The chief items of 
criticism of a wound grid are: notching of the 
side-rods reduces the strength of the grid, and 
creates a rough, uneven surface difficult to in- 
sert into the mica spacers; and the displacement 
of the metal during notching causes the side-rods 
to bow, especially on grids having small diame- 
ter side-rods. 

The ladder type of grid shown in Fig. 5b is 
made on a machine which has recently been devel- 
oped. In this method, the side-rod wires and the 
grid wires are fed into a welding machine at right 
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angles to each other. Each grid wire is unreeled 
from a separate spool and lor proper spacing is 
threaded through the teeth of a comb. Two sets 
of wires and two sets of combs are used to make 
a complete grid with the grid wires attached to 
opposite sides of the side-rods. As all the grid 
wires are pulled simultaneously over the side- 




Fig. 5 - (a) Wound grid. 

(b) Ladder-type grid. 



rods, two welding electrodes draw the wires over 
a pair of shaping mandrels and press the wires 
into contact T/ith the side-rods. The wires are 
then simultaneously welded to the side-rods by 
the welding electrodes. The completed grid is 
cut off by shears . Grids can be made very rap- 
idly in this manner. At present this method is 
most successful when applied to grids with fairly 
wide side-rod spacing and few turns per inch. 

PLATES 

Until recently, the plate in a tube was de- 
signed to serve but one piirpose and that was as 
an anode. However, this electrode has now been 
pressed into service, not only to serve as an 
anode, but also as a means for locating and hold- 
ing the whole mount assembly together. To meet 
this demeind, plates in various shapes and forms 
have been produced. Ears or lugs have been pro- 
vided, which protrude through the insulating 
spacers for location and retention of the mount 
parts . Although the shape and character of a lug 
may vary with the design of the plate, it is es- 
sential that the lug be shaped so that it auto- 
matically provides the correct location of the 



parts independently of the operator. It is also 
essentiaJL, of course, that the plates be so de- 
signed as to insure the correct dimensions being 
held during processing. This is most easily ac- 
complished by embossing the active surface of the 
plate and so hinging this rigid section to the 
rest of the plate as to permit the necessary ex- 
pansion during heating without seriously alter- 
ing the initial plate dimensions. At present all 
of the plates used in receiving tubes are made 
from nickel or nickel-plated steel. 

MICAS 

Mica is the principal niaterial used for elec- 
trode spacers in receiving tubes. It has the ad- 
vantage over other available materials, in that 
it can be stamped to any shape and design desired. 
Mica can be split to any thickness, but since 
splitting is a hand operation, sufficient toler- 
ance has to be allowed so as not to make the op- 
eration unduly expensive. The range used for most 
spacers is 0.008" to 0.015". 

Since mica is purchased already graded to cer- 
tain standard trimmed sizes, it is desirable to 
design spacers so as to permit the maximum num- 
ber of pieces to be stamped from a standard size 
blank. Most spacers for receiving tubes are 
stamped from No. 6 mica which is approximately a 
square blank having 1-1/2 square inches. Conse- 
quently, if a mica spacer were designed l/2" wide 
by 3/U" long, probably only one spacer could be 
obtained from a No. 6 blank, but if the width were 
reduced to 3/8", it would be possible to obtain 
two spacers from the same blank and so obtain a 
reduction in the cost of tho mica. 

The design factors and tolerances applicable 
to mica stampings are: 

1) Hole alignment will be commensurate with 
any other die job, and can be held to ± 0.0005". 

2) Minimum diameter or size of any hole 
should not be less than the thickness specified 
for the mica . Variation in hole diameter can be 
as little as ± 0.0002", but due to the feathery 
edge left after punching, measurements to this 
accuracy are impractical. 

3) Minimum distance between adjacent open- 
ings in a mica should not be less than 0.010" - 
0.012". 

4.) All corners should have sufficient ra- 
dius, if possible, to prevent splitting of mica 
during punching and transportation. 

SUMMARY 

This short survey of component parts and manu- 
facturing methods used in radio tubes to-day in 
comparison with the parts and methods used in the 
first production of 1920, indicates few radical 
changes or improvements in the mechanical design 
of tubes. This fact leads to one of two conclu- 
sions: either the initial design of a vertical, 
concentric mount is fundamentally the cheapest 
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and best design which can be conceived, or the 
possibilities to be derived from mechanical de- 
sign have not been thoroughly investigated. 

Recently, considerable effort has been di- 
rected by all manufacturers toward the improve- 
ment, reduction in size, and reduction in cost 
of the vertical, concentric mount. Much can be 
accomplished in this direction; however, the re- 
sults of this effort have in many instances only 



served to complicate the manufacturing problems 
without attaining real advantages. 

Consequently, I believe it is a safe predic- 
tion to say that the ultimate answer to the de- 
mand for smaller, lower-priced tubes will not be 
found in improvements which can be made on the 
vertical-concentric mount, but will be the re- 
sult of an entirely new structural design adapt- 
able to more economical manufacturing methods . 
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ANALYSIS OF RECTIFIER OPERATION 

0. H. Schade 



INTRODUCTION 

The design of diodes for rectification of a-c 
power requires unusual care even though their 
design is simple from the standpoint of the num- 
ber of electrodes involved. The cathode must be 
capable of supplying the average current and 
peak current which will be encountered in ser- 
vice. The plate must operate at a safe temper- 
ature, which in turn depends on plate dissipa- 
tion, the physical dimensions of the plate, and 
the thermionic and thermal emissivity of the 
plate material. Another factor to be considered 
is the perveance of the diode, i.e., the steep- 
ness of its voltage-current characteristic. Per- 
veance affects both cathode— and plate-design 
because it controls current density and voltage 
gradient at the effective surfaces of both for a 
given cathode area. Then, too, there is the re- 
quirement for adequate insiilation. Perveance 
and insulation requirements depend on the type 
of service in which the diode is to be used. 

It is apparent that an analysis of diode- 
operating conditions in rectifier circuits is 
essential in order to arrive at optimum design 
specifications in each particular case, because 
the required data bear no simple relationship to 
the values of rectified current and voltage. 

PRINCIPLES OF RECTIFICATION 

1. General 

Rectification is a process of synchronized 
switching. The basic rectifier circuit consists 
of one synchronized switch in series with a 
single-phase source of single frequency and a 
resistance load. The switch connection between 
load terminals and source is closed when source 
and load terminals have the same polarity, and 
is open during the time of opposite polarity. 
The load current consists of half -wave pulses. 
This simple circuit is unsuitable for most prac- 
tical purposes, because it does not fiuTiish a 
smooth load current. 

The current may be smoothed by two methods: 
(a) by increasing the nvimber of phases, and (b) 
by inserting reactive elements into the circuit. 
The phase number is limited to two for radio re- 
ceivers. The circuit analysis which follows 
later en will treat single- and double-phase rec- 
tifier circuits with reactive circuit elements. 

Switching in reactive circuits gives rise to 
"transients." Current and voltage can, there- 
fore, not be computed according to steady-state 
methods. 

The diode fimctions as a self -timing elec- 
tronic switch. It closes the circuit when the 
plate becomes positive with respect to cathode 



and opens the circuit at the instant when the 
plate ciirrent becomes zero. 

The diode has an internal resistance which 
is a function of current. When analyzing recti- 
fier circuits, it is convenient to treat the in- 
ternal resistance of the diode rectifier as an 
element, separated from the "svfitch action" of 
the diode. Fig. 1 illustrates the three circuit 
elements so obtained. The diode characteristic 
is the geometric sura of these characteristics. 
The resistance r^ is effective only when the 
switch is closed, i.e., during the conduction 
period of the diode. The effective diode re- 
sistance must, therefore, be measured or evalu- 
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ated within conduction-time limits. Consider a 
switch in series with a fixed resistance and any 
number of other circuit elements connected to a 
batterj' of fixed voltage. The d-c cxirrent and 
rms current which flow in this circuit will de- 
pend on the time intervals during which the 
switch is closed and open; the resistance value 
is not obtainable from these current values and 
the battery voltage. The correct value is ob- 
tained only when the current and voltage drop in 
the resistance are measured during the time angle 
q) (Fig. 2) when the switch is closed. 

The method of analysis of rectifier circuits 
to be discussed in this lecture is based on the 
principle that the non-linear effective resist- 
ance of the diode may be replaced analytically 
by an eqxiivalent fixed resistance which will 
give a diode cvirrent equal to that obtained with 
the actual non-linear diode resistance. The cor- 
rect value to be used for the equivalent fixed 
resistance depends upon whether we are analyzing 
for peak diode current, average diode ciirrent, 
or rms diode current. As will be seen later, the 
relations among these tliree equivalent resist- 
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ances depend upon the circuit under considera- 
tion. 

2. Definitions of Resistance Values 

The instantaneous resistance (r^) of a diode 
is the ratio of the instantaneous plate voltage, 
e^, to the instantaneous plate current, ip, at any 
point on the characteristic measured from the 
operating point (see Fig. 1). It is expressed 
by the equation 
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Fig. 2 



The operating point (0) of a diode is a fixed 
point on the characteristic, marked by beginning 
and end of the conduction time. It is, there- 
fore, the cut-off point I^ = and Ed = 0, as 
shown in Fig. 1. The operating point is inde- 
pendent of the waveform and of the conduction 
time (p (see Fig. 2) . 

The peak resistance (9^) is a specific value 
of the instantaneous resistance and is defined as 



-;^ (See Fig. 2) 



(2) 






(3) 



The curved diode characteristic is thus replaced 
by an equivalent linear characteristic having 
tlie slope T^ and intersecting the average point 
A, as shown in Fig. 2. The coordinates e(i(m) and 
ip (m) of the average point depend on the sliape of 
voltage and current within the time angle cp. The 
analysis of rectifier circuits shows that the 
shape of the cTirrent pulse in actual circuits 
varies considerably betvreen different circuit 
types. 

The equivalent rms resistance ( | r^ I ) is de- 
fined as the resistance in which the power loss 
P(i is equal to the plate dissipation of the diode 
when the same value of rms current \1^\ flows in 
the resistance as in the diode circuit. It is 
expressed by the equation 



(4) 



Idl 



3. Measurement of Equivalent Diode Resistances 

The equivalent resistance values of diodes 
can be measured by direct substitution under 
actual operating conditions. The circuit ar- 
rangement is shown in Fig. 3. Because the diode 
under test must be replaced as a whole by an ad- 
justable resistance of knovm value, a second 
switch (a mercury-vapor diode identified in the 
figure as the ideal diode) with negligible re- 
sistance must be inserted in order to preserve 
the switch-action in the circuit. 
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Peak voltage e^ and peak ctirrent ip are measured 
from the operating point 0. 

The equivalent average resistance (r^) is de- 
fined on the basis of circuit performance as a 
resistance value determining the magnitude of the 
average current in the circuit. The value r^ is, 
therefore, the ratio of the average voltage drop 
6(3 (m) in the diode during conduction time to the 
average current ip((p) during conduction time, or 



Fig. 3 - Half-wave circuit for measuring 
rd> I'd, and |rdl . 



When a measurement is being made, the resistor 
Rd is varied until the particular voltage or c\ir- 
rent under observation remains unchanged for 
both positions of the switch S. We observe (1) 
that it is impossible to find one single value 
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of R^ which will duplicate conditions of the ac- 
tual tube circuit, i.e., give the same values of 
peak, average, and rms current in the circuit; 
(2) that the ratio of these three "equivalent" 
resistance values of the diode varies for differ- 
ent combinations of circuit elements; and (3) 
that equivalent average or rms substitution re- 
sistances ma7 have different values when the av- 
erage or rms current in the diode circuit is ad- 
justed to the same value in different types of 
rectifier circuits. The "peak resistance" value 
obtained for a given peak current is found to be 
substantially independent of the type of circuit. 



cycle of the lowest ripple frequency. In most 
practical circuits, this fluctuation is small as 
compared with the average amplitude of the wave 
and may be neglected when determining the equiva- 
lent diode resistances. It is apparent then that 
the equivalent diode resistance values are all 
equal and independent of the type of diode char- 
acteristics for square waveforms. Hence, for 
choke-input circuits, we have 



= r. 



= kdl 



(5) 



U. Waveforms and Equivalent Resistance Ratios for 
Practical Circuit Calculations 

The form of the current pulse in practical 
rectifier circuits is determined by the power 
factor of the load circuit and the phase number. 
Practical circuits may be divided into two main 
groups: (a) circuits with choke-input filter; and 
(b) circuits with condenser-input filter. 

The ciirrent pulse in choke-input circuits has 
a rectangular form on which is superimposed one 



The current pulse in condenser-input circuits 
is the geometric summation of a sine-wave section 
and a current having an exponential decay. It 
varies from a triangular form for 9 < 20° to a 
full half -cycle (9 = 180°) as the other extreme. 
In Table I are given the ratios c£ voltages, cur- 
rents, and resistance values during conduction 
time for two principal types of rectifier char- 
acteristics: the 3/2-power-law characteristic 
of high-vacuum diodes, and the idealized rectan- 
gular characteristic of hot-cathode, mercury- 



Table I 
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0.500 
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0.593 
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1.185 
1.120 
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1.057 
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1.0 
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vapor diodes. In this table, the designation 
lipl-, represents the rms value of the ovjrrent 
during the conduction time. 

It follows that the relation 



r^i = 0.88 r^ = 0.93 | r^l 



(6) 



is representative for the group of condenser-input 
circuits containing high-vacuum diodes, and holds 
within ± 5 per cent over the entire range of var- 
iation in wave shape. The actual error In circuit 
calculations is smaller, as the diode resistance 
is only part of the total series resistance in 
the circuit. 

HUSSION MD SATURATION OF 
OXID&-COATED CATHODES 



particle to particle under the influence of elec- 
trostatic potentials. The coating is not con- 
ducting when cold. Electronic conduction through 
the coating is high when many metal relay chains, 
not broken by insulating oxides, have been formed, 
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Fig. 4- - Structure of cathode coating. 




1. Oxide-Coating Considerations 

The normal operating range of diodes (includ- 
ing instantaneous peak values) is below the satu- 
ration potential because the plate dissipation 
rises rapidly to dangerous values if this poten- 
tial is exceeded. Saturation is definitely rec- 
ognized in diodes with tungsten or thoriated- 
ttmgsten cathodes as it does not depend on the 
time of measurement, provided the plate dissipa- 
tion is not excessive. The characteristic of 
such diodes is single-valued even in the satu- 
rated range, i.e., the range in which the same 
value of current is obtained at a given voltage 
whether the voltage has been increased or de- 
creased to the particular value. 

Oxide-coated cathodes have single-valued char- 
acteristics up to satxu-ation values only under 
certain conditions. The cathode coating has re- 
sistance and capacitance, both of which are a 
function of temperature, current, and the degree 
of "activation," and vary during the life of the 
tube. The conception of a "coating impedance" 
is essential in explaining many peculiar effects 
observed when testing and operating oxide-coated 
diodes in rectifier circuits and will be treated 
briefly. 

The cathode coating is usually a mixture of 
carbonates (bariTjm, strontium, calcium) which 
are "broken down" into oxides, metal atoms, and 
gases during the exhaust process. A highly emit- 
ting monatomic layer of bai'ium on oxygen is formed 
on the sxirface of the coating, which, when heated, 
supplies the electron cloud forming the space 
charge above the coating surface (see Fig. 4.). 
ThB coating itself consists of non-conducting 
oxide clumps or crystals (shown as shaded areas) 
interposed with metal atoms and ions (circles), 
which are produced by high cathode temperature 
and electrolysis during the activation and aging 
process of the cathode. 

The distances between these metal atoms or 
atom groups are very small. The current flow 
from the base material through the coating is 
effected by relay-emission from atom to atom or 



and also when the electron emission is raised as 
a result of loosening the atomic structure by 
increased temperatures. Hence, the coating con- 
ductance may be represented by a large number of 
extremely close-spaced diodes in series-parallel 
arrangement, as shown in Fig. 4^. 




1 



CONDUCTANCE 
CHARACTERISTIC 



COATING 
IMPEDANCE 



1 BASE METAL 



Fig. 4-a - Representative diode network. 



The coating activation is good when a fully 
emitting surface layer can be saturated without 
limitation of electron flow in the coating. This 
condition is indicated by a single-valued char- 
acteristic up to and beyond the saturation po- 
tential as shown in Fig. 5. In general, single- 
valued characteristics are obtained if the sur- 
face saturates before tie coating conductance be- 
comes limited. (See temperature— limited condi- 
tions in Fig. 5) . 

The conductance of the coating may, however, 
limit the electron flow before the surface emis- 
sion is saturated, and cause a peculiar voltage- 
current characteristic. Consider a high plate 
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FULLY EMITTING 
SURFACE LAYER 

PARTIAL TEMPERA- 
TURE -LIMITED 
SURFACE LAYER 




Fig. 5 - Single-valued saturation characteristic 
of diode with high coating conductance. 



voltage suddenly applied over a periodic switch 
to a diode as in the circuit of Fig. 6. If the 
coating is not limiting, the current obtained is 
that at a ftoint P on the corresponding diode 
characteristic. Hence, the current waveform in 
the circuit is as shown in Fig. 6a. If the svir- 
face emission is assumed to be unchanged, but 
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Fig. 6 

the coating conductance is limited, due to an in- 
sufficient number of "coating-diodes" and too 
many non-conducting oxide groups, the waveform of 
Fig. 6b is obtained. At the instant after clos- 
ing the switch, the current value i is demanded 
by E(j from the surface layer; the conduction cur- 
rent in the coating, however, is limited to the 
value 1(2 by saturation of the "coating-diodes." 
There are, however, many free electrons in the 
coating which can be moved under the influence 
of the electric field to the surfaces of the in- 
sulating oxides, but cannot move throughout the 
entire coating. Hence, a displacement current 
can flow, and this charges up the oxides until 



all free electrons have been moved. The oxide 
groups thus act like condensers in parallel to 
the coating resistance but with the peculiarity 
that their charge may be limited by hypothetical 
series diodes. 

The coating resistance is extremely low* below 
saturation, due to the small spacing and high 
gradient in the "coating-diodes" but becomes in- 
finite when the conduction current Is satiurated; 
hence, the charging current nuBt flow in the 
plate circuit (external) of the diode. The total 
plate current is, therefore, the sum of the con- 
duction current I^ and the "transient" electron 
displacement current. The "coating transient" 
decays to zero like normal transients at a rate 
depending on the actual shunt conductance value 
and the total series resistance in the circxilt 
(Fig. 6b). The decay can be changed by adding 
external resistance in the plate circuit. When 
the siu'face emission is good, i.e., as long as 
the total vacuum-space plate current is space- 
charge limited, the current will rise initially 
to the value (point P) determined by the applied 
potential, but will then decay to the saturation 
value determined by the coating conductance. 

The condition of oxide-coated cathodes can, 
therefore, not be judged alone by their capabil- 
ity of furnishing high peak currents, but the 
rate of change in current flow, and hence the 
current Ti/aveform, must also be carefully con- 
sidered, because the diode characteristic may 
not be single-valued. Fig. 7 shows characteris- 
tics which are not single-valued. These were 
taken within l/l20 of a second (l/2 of a 60-cycle 
sine wave) with a cathode-ray curve tracer. 

2. Current Overload and Sputter 

The degree of activation is not stable during 
the life of the cathode. Coating conductance and 
surface emission change. Factors affecting the 
change are the coating substances, the evapora- 
tion of barivun depending on the base material, 
and the operating conditions to which the cathode 
is subjected. This life history of the cathode 
is the basis on which current ratings are estab- 
lished. Rectifier tubes especially are subject 
to severe operating conditions. If a diode is 
operated with too high a current in a rectifier 
circuit and its surface emission is decreased to 
the satxiration value, then the tube voltage drop 
will increase rapidly, and cause excessive plate 
dissipation and destruction of the tube. Should 
the coating conductance in this diode decrease 
to a value which limits the demanded current, 
power is dissipated in the now-saturated "coating- 
diodes," with the result that the coating voltage 
drop and coating temperature are raised. The 
temperature rise may cause reactivation but also 
may become cumulative and melt the coating mate— 



* Its magnitude depends on the number of series 
diodes and, hence, on the barium content and 
thickness of the coating. 



178 



Scfiade: Analysis of Rectifier Operation 



-j^SEC. I- 



A-C VOLTAGE E = 
PARAMETER 




CATHODE 

TEMPERATURE = 

PARAMETER 



50 100 
e,) -VOLTS 

CONDUCTANCE TEMPERATURE LIMITED 





DIODES HAVE 
SINGLE-VALUED 
CHARACTERISTIC 



10000 
300 SOHMS 
OHMS 



50 100 ISO 
fd-VOLTS 

ARTIFICIAL DIODE CHARACTERISTIC 



HEATER VOLTAGE: 
PARAMETER 



Tp to a very low value. The ionization becomes 
cumulative at a certain current value (rp = at 
4,0 milliamperes in Fig. 8a), and causes a dis- 
continuity in the characteristic. Hence, it is 
not single-valued within a certain voltage range. 
Beyond this range (see Fig. 8b), the slope (rp) 
of the characteristic becomes again positive un- 
til saturation of the emitter is reached. 
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Fig. 7 



rial. Vapor or gas discharges may result from 
saturated coatings and cause breakdowns during 
the inverse voltage cycle. These breakdowns are 
known as "sputter," and destroy the cathode. 
Sputter of this type will occur more readily in 
diodes with long cylindrical electrodes and close 
spacing than in diodes with flat cathodes of nar- 
row width and parallel— plane plates, because the 
activation gas can diffuse faster in the latter. 
A second type of sputter is caused by the in- 
tense electrostatic field to which projecting 
"high spots" on the plate or cathode are sub- 
jected. These high spots are formed by loose 
carbon on the plate or large cathode— coating par- 
ticles. The resulting current concentration 
causes these spots to vaporize with the result 
that an arc may be started. 

3. Hot-Cathode Mercury-Vapor Diodes 

The ionization potential E^ of mercury vapor 
is a function of the gas pressure and tempera- 
ture. It is approximately 10 volts in the RCA-83 
and similar tubes. A small electron current be- 
gins to flow at Ep = (see Fig. 8), end causes 
ionization of the mercTiry vapor at Ep = E^ . This 
action decreases the variational diode resistance 



(c) 



Fig. 8 



For circuit analysis, the mercury-vapor diode 
may be replaced by a bucking battery having the 
voltage Ej_ and a fixed resistance. 



Sd - Ei 



'^s^ 



as shown in Fig. So; or the diode characteristic 
may be replaced by an ideal rectangular charac- 
teristic and its equivalent resistance values 
and the series resistance rdg as shown. 

The first representation is advantageous when 
making approximate calculations, as the equiva- 
lent diode resistance is then the substantially 
fixed value rd, 
of 4. ohias 

small constant voltage drop Ei are distinct ad- 
vantages for choke-input filters, as they cause 
very good regulation; the low resistance, how- 
ever, will give rise to enormously high storting 
transients in condenser-input circuits, in case 



g. The value r^ Is in the order 
The low series resistance and the 
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all other series resistances are also small. 
Merciiry-vapor diodes as well as high-perveance 
(close-spaced), high-vacuum diodes having oxide 
cathodes should, therefore, be protected against 
transient-current overloads when they are started 
in low-resistance circuits to prevent destruc- 
tion of the cathode coating. The destruction of 
the coating in mercury-vapor diodes is apparently 
caused by concentration of current to small sec- 
tions cf the coating surface and not by heat dis- 
sipation in the coating. 

CIRCUIT ANALYSIS 

The rectifier diode is a switch operated in 
synchronism with the applied a-c frequency. The 
diode alternately opens and closes the circuit. 
This action causes a series of transients in re- 
active circuits. According to the decay time of 
the transients, fundamental rectifier circuits 
may be classified into two principal groups: (l) 
circuits with repeating transients in which the 
energy stored in reactive elements decreases to 
zero between conduction periods of the diode; 
and (2) circuits with chain transients in which 
(a) the magnetic energy stored in the inductance 
of the circuit remains above zero value, and (b) 
the electric energy stored in the capacitance of 



the circuit remains above zero value. The much 
used "choke-input" and "condenser-input" circuits 
fall under the second group. 

The complete analysis of rectifier-circuit 
operation requires more time than this lecture 
provides. It is based on the fact that the total 
current in a circuit is the sum of all steady- 
state currents and transient currents within the 
time between two switching operations. We will 
analyze briefly the operation in two important 
circuits, i.e., the full— wave, choke-input cir- 
cuit, and the condenser-input circiiit. 

1. The Full-Wave Choke-Input Circiilt 

Circuit and operation are shown in Fig. 9. The 
construction is made by considering first one of 
the diodes shorted to obtain the phase relation 
of the a-c voltage e, and the steady-state cur- 
rent ig, as shown. If we assume that the diode 
closes the circuit at the time e* = 0, a transient 
it with the initial value Ito = -is(o) "iH flow 
in the circiiit. The total current, i , is the sum 
of the currents Tg + it. It starts, therefore, 
at zero and rises as shoT.Ti until the second 
switching operation occurs at the commutation 
time t = 11 when the second diode receives a pos- 
itive plate voltage. The total current, i, after 
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Fig. 9 - Full-wave choke-input circuit and its operation. 
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t = Ti; is again the sum of currents ig + i-t, but 
the initial value it is increased by the value 
i(jl) still flowing in the circ\iit. 

The current ito increases, therefore, at every 
new switching time until the decay of the tran- 
sient it(n) » during the time t = 7t, is numerically 
equal to ihe steady-state current rise 215(0) > 
as shown in Fig. 9. This leads to the equation 
for the final operating current at the n'^^ com- 
mutation time: 



1 + e 



. R 



^n(n) 



- 1 



S(0) 



1 - e 



R 
2f L 



(7) 



A broken line is sliovm connecting a3JL commu- 
tation-current values. This line represents 
closely the average current I in the common cir- 
cuit branch. The final average current ij, during 
the conduction time, and _the average current I 
in the load resistance R, have the same value 
and are given by equation (7)_^ The average plate 
current per diode is Ip = 0.5 I, since each diode 
conducts alternately, and passes a current piilse 
shotvn by the shaded area in Fig. 9. With the 
niomerical values of the construction substituted 
in eqiiation (7) and setting 



. R 
2f L 



= 0.547 



we obtain 



(nn) 



= I 



0.298 ampere. 



The described solution is illustrative in un- 
derstanding starting and operating conditions of 
the choke-input circuit, but its accuracy is lim- 
ited in cases of low povrer factor (large L or 
small R) , since the decay terms in equation (7) 
become very small. The construction, however, 
shows the exact phase relations of ciirrent and 
voltage. The oscillogram in Fig. 10 was taken 
with the circuit values indicated in Fig. 9. 

a. _Gritical Inductance — The analysis has 
shown that the transient ciirrents in the partic- 
ular case never decay to zero and are "chain 
transients.^ In practical circuits, the d-c load 
resistance R is shunted by a capacitance C. This 
does not affect the circuit performance, provided 
R does not increase beyond a critical value R^p. 
Expressing this statement symbolically, we have 



in which Z(2f) is the impedance of one branch 
circuit at double line-frequency. For large val- 
ues of C, 



and hence 



Z(2f) = ^T^fL 



R i 6nfL or L = 



6nf 



which can be converted into the form 
> 0.91 lE l 

Jj S - — 



(9) 



where 



and 



6nf I 



I E I = rms voltage of one-half the 
secondarj'' winding 

I = d-c load current. 



The relation of equation (9) is characterized by 
the fact that the current i in the final operat- 
ing condition (Fig. 9) lias an a-c component which 
is so large that i. becomes zero at one instant. 
Any further increase of this component caused by 




Fig. 10 - Oscillogram taken with circuit values 
in Fig. 9. 



decreasing L still fui'ther will, therefore, open 
the diode circuit and hence interrupt chain-cur- 
rent operation. The circuit then becomes a type 
of condenser-input circuit and the output voltage 
E rises beyond the value given by the equivalent 
circuit for the chain-current operating range. 



R - Rcr ~ ^' 



5 Z 



(2f) 



(8) 



b -_E_quivaleni Circuit _for_ jthe Chain-:Cvir- 
rent_0_gerating_Ran^e — Commutation of the cur- 
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rent in the chain-current range occurs at the 
instant when the supply voltage passes through 
zero. The voltage energizing the common branch 
of choke-input rectifier circuits has the form 
of a_ commutated sine wave for any load value 
R = Rcr* Since the circuit is never intermpted, 
currents and voltages may be considered steady- 
state components in a circuit energized by the 
equivalent commutated sine voltage as shown in 
Fig. 11a. The single generator in Fig. 11a may 



Rs L 

I — \AAA^ — nsTDT- 



/COMMUTATED 
SINE-WAVE GENERATOR 

(a) 




-VKu-l'b- 



(b) 



Line voltage 
induced in 
one-half of 
the second- 
ary winding 
(rms) 

Total average 
voltage 



Voltage of 
frequency 
2f (rms) 

Voltage of 
frequency 
4f (ros) 

Total choke 
voltage 
(rms) 



E = 1.1 E 



E = 



zt 



IeU. = 



fo.90 |e| 

lo.637 e„^^ 

fo.424 |e| !> (11) 
lo.471 E 

fo.085 |e| 
i 0.0945 E 

fyiih- E« 

I 0.482 E 







(C) 



Fig. 11 
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The current components in the common cir- 
cuit branch are calculated from the above volt- 
ages divided ty the impedance of one branch-cir- 
cuit at the particular frequency. Because the 
current is commutated every half-cycle of the 
line frequency from one to the other branch-cir- 
cuit, the average ciu-rent in each diode circuit 
is one-half of the total average eirrrent; and 
rms values of currents or current components in 
each branch-circiiit are obtained by multiplying 
the rms current values in the conmion circuit 
branch by 1/ /2. The peak current in each diode 
circtiit has the same value as in the common cir- 
cuit branch. 



be replaced as shovm in Fig. lib by a battery 
and a series of sine-wave generators having fre- 
quencies and amplitudes, as given by the follow- 
ing equation of the commutated sine wave. 



2 e. 



e = 



1 - 



2 cos 2£ 2 cos 4^ 
1x3 3*5 

2 cos 6f 



5x7 



(10) 



The d— c component or batteiT' voltage is the total 
average voltage E discussed in the preceding sec- 
tions . 

Some useful relations of voltage components 
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The total power dissipated in diode and 
load circuits of the practical secondary circuit 
shown in Fig. lie is the sum of the power losses 
in the circuit resistances. In equation form, 
it is 

Total Power = Series-Resistance Loss 
+ Choke-Core Loss 
+ D-C Power in Load 

The plate dissipation per diode is given try: 

Pd = 0.5 |l|; X Ir^l (13) 
With reference to equation (5), we have 



Pd = 0-5 |l|: 



1± 
I 



(14) 



where e^ is the diode voltage taken from the 
static_diode characteristic at the output-current 
value I. 

The regulation of choke-input circuits_is 
determined hy the_ total series resistance Rs, 
since the voltage E in the circuit is constant 
in the useful working range for an energizing 
a-c voltage of constant value ._ Thus, the regu- 
lation curve has the slope Rs (see Fig. 12), 
which includes the diode resistance. The regu- 
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lation curve for a circuit with high-vacuum 
diodes is the geometric sum of the 3/2-power-law 
diode characteristic and the ohmic series resist- 
ance r2 of one branch— circuit as shown in Fig. 



12. The curve is correct for constant voltage e 
and beyond the critical-current value. In prac- 
tical circuits, the voltage source e has a cer- 
tain equivalent resistance, which must be added 
to r2. 

The equivalent internal resistance of the 
rectifier circuit as a d-c supply source is the 
slope of the regulation curve at the current 
value under consideration. This value should be 
used for steady-output conditions only, since 
the reactances in the load circuit cause tran- 
sients at the instant of sudden load changes. 

2. The Condenser-Input Circuit 

In rectifier circuits with shunt-condenser- 
input loads, the condenser is alternately charged 
and discharged. In the final state of operation, 
charge and discharge are balanced. The graphic 
analysis of such circxiits is comparatively sim- 
ple and readily followed. Formulas for the cal- 
culation of specific circuit conditions are eas- 
ily derived from the constructions. 

a._Cir£uits. _Without_ Series_Resistance_ — 
The graphic analysis of a half-wave rectifier 
circuit without series resistance (Rg) is illus- 
trated in Fig. 13. Steady-state voltage e and 
current fs are constructed on the assumption that 
the diode is shorted. The steady-state condenser 
voltage e'o coincides with e" because Rg = 0. 

The diode timing is as follows: The diode 
opens the circuit at point when the diode cur- 
rent becomes zero. The condenser voltage at this 
instant has the value 



'C(O) 



= e sin 9 

max 



(15) 



Since the condenser-discharge circuit consists 
of C and Rl, the condenser voltage decays expo- 
nentially as shown. At point C it has become 
equal to the energizing voltage e". The diode be- 
comes conducting and closes the circuit. Because 
there is no potential difference between the 
steady-state voltages e" and e^ at this or any 
instant, the condenser does not receive a tran- 
sient charge. The current, therefore, rises in- 
stantly to the steady-state value as shown on 
the ig curve and then decreases until it is zero 
at point 0. 

The timing of the full-wave circuit in Fig. 
lA. is quite similar. The time for the condenser 
discharge through Rj, is reduced since e^ meets 
the positive half-cycle 62 and thus closes the 
circuit through D2. Point C in Fig. 14. is locat- 
ed at a higher value of e than in Fig. 13. The 
conduction angle (f is consequently reduced al- 
though C, Rl, and G have the same values in both 
circuits. The average cvirrent in the full-wave 
circuit is, therefore, smaller than twice that 
of the half-wave circuit. 
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200- 



<o 




Rl=I500 ohms 
?=I50 sin 377t 



C =4>jr 

Rl=I500 ohms 

R»=0 

?l=?2= 150 tin 377t 



Fig. 13 (left) - Half -wave, condenser-input 
circtiit without series resistance. 

Fig. 14 (right) - Full-wave, condenser-input 
circuit without series resistance. 



the circuit. Current and voltage, however, do 
not rise to_their steady-state values as in cir- 
cuits with Rg = 0, because the steady-state volt- 
age 60(0) differs from the line voltage e'(o) by 
the amount 6*0 (o) =^(0) ^^S* This demanded 
potential change on the capacitance causes tran- 
sients. It is possible to determine the value 
of these transients analytically but the method 
is too involved to discuss in this lectiire. The 
transients e-t and i-t in Fig. 15a prevent voltage 
and current from following the steady-state wave- 
forms. When Rs is large, they do not decay to 
zero within one cycle and, therefore, require 
additional steps in the graphic solution. The 
oscillogram shown In Fig. 16 checks the graphical 
construction of Fig. 15. 
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b. _Circuy;s_With_ Series _ Resistance — In 
circuits with series resistance, the steady-state 
condenser voltage e^ does not coincide with the 
supply voltage e, as illustrated in Figs . 15a and 
15b. Phase displacement and magnitudes of cur- 
rent and voltage under steady-state conditions 
are required for analysis of the ciroiiit and are 
computed in the conventional manner. The paral- 
lel circuit C II Rj, is converted into an equivalent 
series circuit to detei*mine the angles © and 
0' lay which Tg is leading e and Bq, respectively. 
The steady— state condenser voltage e'c in the par- 
allel circuit equals the voltage across the equiv- 
alent circuit as shown by the vector diagram in 
Fig. 15b. 

The diode opens the circuit at the instant 
id = 0. For circuit constants as in Fig. 15, the 
diode current i^ substantially equals Tg at the 
time of circuit interruption because the tran- 
sient component i-^' of the current has decayed to 
a negligible value. Point is thus easily lo- 
cated. In circuits with large series resistance, 
however, i^ = does not coincide with I'g = 
due to slow decay of the transient. In both cases 
the condenser voltage 6*0(0) equals the voltage 
o/q) at the time 0, because id, = and consequent- 
ly there is no potential difference on Rg. The 
condenser voltage decays exponentially en Rj, from 
its initial value at 0, as discussed for circuits 
with Rg = 0, and meets the supply voltage e" again 
at point C. At this instant (tjj), the diode closes 



Fig. 15a 




Rs= 220 OHMS Cmax. = I50V. 
Rl= 1500 OHMS ci)=377 
C = 4pf 
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J 1500 
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PARALLEL 
LOAD CIRCUIT 



. 4.775yr 
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EQUIV. SERIES 

CIRCUIT AT 

01 = 377 




6=50° X>T, 



^/ /ik (SERIES) 



0=66.15° 



Rs : Rl(SERIES) 

Fig. 15b 



Figs. 15a and 15b - Half -wave, condenser- 
input circuit with series resistance. 
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Fig. 16 — Oscillogrsun verifying graphical 
construction of Fig. 15- 



resistance Rl as a fxmction of wCRt and Rg in 
per cent of the applied a-c peak voltage (sine 
wave) for half -wave, full— wave, and voltage- 
doubling circuits. They permit the solution of 
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c ._ Generalized _0£eratiMi_ Characteristics^ 
^Stead2rStat£ Operation) — It has been shown 
tliat the conduction angle cp is a function of the 
circuit constants in condenser- input circuits. 
The section of the energizing voltage e utilized 
during conduction time has, therefore, no fixed 
value as in choke-input circuits where q) = 180° 
and where the voltage e diu-ing ip is a half -sine 
wave. It is, therefore, not possible to derive 
a general equivalent circuit for condenser-input 
circviits which contains a voltage source of fixed 
wave shape and magnitiide. 

Steady-state conditions as well as tran- 
sients are controlled by the circuit constants, 
which are contained in the product wCRl, The 
angle cp depends on the relative magnitudes of Rj^ 
and Rg and is, therefore, described in general 
if also the ratio Rs/^L ^^ known. General curve 
families may thus _be evaluated which show the 
dependent variables E, i, and I in terms of ratio 
versus the independent variable wCRl for various 
parameter values Rg/Rj^. The series resistance 
Rs includes the equivalent diode resistance which 
is evalxiated by means of equation (6), because 
the current wave is periodic in the final oper- 
ating state. The reasoning leading to equation 
(6) is not applicable to a single transient, as 
obtained for starting conditions of rectifier 
circuits. 

Generalized characteristics have been eval- 
uated for the three types of circuits shown in 
Fig. 17. The characteristics In Figs. 18, 19, and 
20 show the average voltage E across the load 
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Fig. 17 - Evaluation of characteristics for half- 
wave, full-wave, and voltage-doubling circuits. 
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RELATION OF APPLIED AC VOLTAGE TO DC OUTPUT VOLTAGE 
IN HALF-WAVE RECTIFIER CIRCUIT. 

UJCRl (C in farads , Ri_ IN OHMS) 




Fig. 13 
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RELATION OF APPLIED AC VOLTAGE TO DC OUTPUT VOLTAGE 
IN FULL-WAVE RECTIFIER CIRCUIT 



cjcRl (c in farads, r, in ohms) 




Fig. 19 
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RELATION OF APPLIED AC VOLTAGE TO DC OUTPUT VOLTAGE 
IN VOLTAGE-DOUBLING CIRCUIT 

u)crl(c in farads, Rl in ohms) 
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the reversed problem to determine the magnitude 
of the applied voltage necessary to give a cer- 
tain average voltage output for a given load. 
The series-resistance value Rg includes the 
equivalent average resistance r^ of one diode 
and the power-transformer resistances as reflect- 
ed into one secondary winding. The characteris- 
tics were plotted from accurately measured val- 
ues as their complete calculation required too 
much time. The measurements were made en circuits 
of negligible inductive reactance. Series-re- 
sistance values were determined accurately by the 
method shown in Fig. 2. Table II gives a number 
of calculated values which show the accuracy of 
the curves to b© approximately 5 per cent or bet- 
ter. 

In compiling the data for the current-ratio 
characteristics in Fig. 21, it was found that the 
three rectifier-circuit types coiold be shown by 
a single family after a "charge factor" n was 
added to the_ product of the circuit constants 
o) CRl and to Rg as shown in Table II. The factor 
n is unity for the half-wave oirciilt. For the 
f\ill-wave circxiit, n is 2 because the condenser 
C is charged twice during one cycle. For the 
voltage-doubling circuit, n is 1/2 because the 



two condensers require together twice the charge 
to deliver the same average current at double 
voltage. The values in the table indicate that 
the factor n is actually not a constant. The 
mean value of the current ratios does, however, 
not depart more than approximately 5 per cent 
from the true value, the error being a maximum 
in the steep portion of the ciarves and decreas- 
ing to zero at both ends. The upper section of 
Fig. 21 shows the ratio of rms current to average 
current per diode plate. This family is of spe- 
cial interest in the design of power transformers 
and for computation of diode plate dissipation. 

Fig. 22 shows the rms value of the ripple 
voltage across R-^ in per cent of the average 
voltage . 

The voltage-doubling circuit shown with the 
other two condenser-input circuits in Fig. 17 may 
be regarded in principle as a series connection 
of two half -wave rectifier circuits. Each con- 
denser is charged separately during conduction 
time of one diode, but is discharged in series 
with the other condenser d\u"ing the time of non- 
conduction of its associated diode. The analysis 
of operation is made according to the method dis- 
cussed but will not be treated. 
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Lecture 20 

THE DESIGN OF AUDIO AMPLIFIER AHD POWER OUTPUT TUBES 

S. W. Dodge 



INTRODUCTION 

Diiring the past ten to fifteen years, the ef- 
ficiency of receiving tubes has been increased 
by the development of special types for specific 
purposes. Until 192^., triodes with a filamentary 
cathode were the only types in common use. They 
were designed with high or low amplification fac- 
tor according to the application. The principal 
requirements of such tubes were sufficient emis- 
sion and a gas current less than a few microam- 
peres. Because of the inherent limitations of 
the loudspeaker and the poor characteristics of 
the inter-stage transformers, the distortion in- 
troduced by the tube itself was relatively unim- 
portstnt . 

A tetrode tube with a fourth electrode in the 
form of a grid between the control grid and the 
plate was patented by Siemens and Halske in I9I6 . 
The addition of this fourth electrode, or screen 
grid, operating at a fixed positive potential, 
introduced secondary-emission difficulties. In 
1926, two methods of suppressing the secondary 
current between plate and screen grid were de- 
scribed by N. V. Philips' Gloeilampenfabrieken of 
Holland. In the first method, the plate was spac- 
ed a sufficient distance from the screen, while 
in the second an open-mesh grid, or suppressor 
grid, was introduced between the plate and the 
screen grid. Tubes constructed with cathode, con- 
trol grid, screen grid, suppressor grid, and plate 
were designated as pentodes and are now used in 
different forms for high-frequency as well as low- 
frequency amplification. The design of the sup- 
pressor grid will be discussed later in this lec- 
ture. 

It is not within the scope of this lecture to 
describe the many circuits used in conjunction 
with various types of tubes but rather to outline 
some of the methods of tube design and to give 
some simplified f ormxxlas idiich may be readily used 
by the factory engineer for adjusting characteris- 
tics of tubes already in production. 

CALCULATION OF CHARACTERISTICS 

It has not been foimd possible to calculate 
with great accuracy the characteristics of receiv- 
ing tubes of given dimensions or, conversely, to 
determine the dimensions necessary to give the 
reqiiired characteristics . Some of the numerous 
reasons for this situation are foxind in end ef- 
fects, grid side-rod effects, and "Insulbildung" . 

The ends of the cathode are in contact with 
the mica spacers, the cathode tab, and the heater 
leads. At the points of contact, the temperature 
of the cathode is reduced withiiie result that the 
emission from the cathode in these and adjacent 
areas is also reduced. Then, too, the mica spac- 



ers acquire charges which euLter the field near 
the ends of the cathode. The extent to which the 
emission is reduced and the field altered is 
neither accurately known nor readily calculated. 

The influence of grid side-rods on character- 
istics is another factor which is not readily 
calculated, but we do know that as the spacing 
between grid side-rods and cathode is decreased, 
or as the diameter of the side-rods is increased, 
the error in calculation is increased. 

The lack of uniformity of the electric field 
near the cathode surface is called "Insulbildung" 
by the Germans. It increases with the ratio of 
grid pitch to grid-cathode spacing, but the extent 
of the increase is not accurately known. 

On the basis of certain assumptions, however, 
formulas have been developed which aid in deter- 
mining the effect of the various electrode di- 
mensions on the characteristics of tubes. 

1. Amplification Factor (n) in Triodes 

Vogdes and Elder deduced the following ex- 
pression for the amplification factor {\i) of a 
triode. This expression neglects end effects. 



K jS ■* K 2 



where. 



Ki = 



2nN 



- log tanh 2nNb 

log cosh 2nNb 

- log tanh 2nNb 

('grid-to-plate spacing in 

inches for a parallel- 
plane structure, 
S =< r 



8 



N 
b 



in inches for a 
cylindrical 
structure, 
grid turns per inch 
grid-wire radius in inches 



Tg = grid radius in inches 
Tp = plate radius in inches 

A plot which gives Kj^ and K2 directly when the 
turns per inch of the grid and the grid-wire diam- 
eter are known is shown in Fig. 1. Fig. 2 shows a 



^ Vogdes and Elder, "Formulas for the Amplifica- 
tion Constant for Three-Element Tubes in which 
the Diameter of Grid Wires is Large Compared to 
the Spacing," Physical Review, Vol. 2A, p. 683; 
192^: also, abstract. Vol. 25, p. 255; 1925. 
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plot which gives S for a cylindrical structure 
directly when the grid diameter and the plate di- 
ameter are known. 

For small changes in |j., such as would be needed 
for the adjustment of characteristics of an exist- 
ing tube, the approximate formula is 



where. 



N 
d 
S 



^ = Kg N* d S 



a constant 
grid turns per inch 
grid-wire diameter 
grid-to-plate spacing 



It is not necessary to determine or know Ko. To 
raise (i by 10 per cent, for example, merely in- 
crease d or S by 10 per cent, or N by 5 per cent. 
The error introduced by the use of this approx- 
imate fomnila is quite small. It increases with 
a decrease in the turns per inch. For a change 
in (J. of 10 per cent, the error is 2.4- per cent at 
20 turns per inch and drops rapidly to 0.4. per 
cent at 4.0 turns per inch. 

2. Plate Cta-rent (I h) and Transconductance (g^^) 
in Triodes. Tetrodes, and Pentodes 

The equation for the plate current of an ideal 
parallel-plane triode is 

8 
2 



Ik = 2.33 X 10 



.6 A 



*gk 



Eb 



Ec + — + e 



1 4 d 



1 +-+- 



gP 



where. 



A = 

Igk = 

Ec = 

Eb = 

e = 



'gP 



^ 3 ^dgl^ 



cathode area 
grid-to-cathode spacing 

bias applied to grid 

plate voltage 

amplification factor 
contact potential difference 
in volts between 

cathode and grid 
grid-to-plate spacing 



This equation for plate current of a triode ap- 
plies also to parallel-plane tetrodes and pentodes 
when certain of the terms are defined as indicated 
below. 



For all heater-cathode types of tubes , the fol- 
lowing approximate formulas are convenient for 
making small adjustments in the plate current and 
transconductance of existing tubes. 




where K^ is a constant and the other terms are the 
same as given above. Combining these two equa- 
tions, we have 

gm 1.5 



E. 3 + E 



For the filament- type tubes, the following equa- 
tions give greater accuracy. 



K. 



lb = 



'gk 



Eb 



Ec + — + 



2 Kg / Eb 



+ e 



dgk \ R / 

where Kg is a constant. 

By inspection, it can be readily seen that the 
error introduced by the use of the approximate 
formulas decreases with an increase in (i and with 
a decrease in the ratio dgp/dgi^. 

With (1 and g^ known, the plate resistance rp 
is readily found from the relation rpgj^ = n. 

3. Power output and Distortion 

Class. A Operation — The most important char- 
acteristics of power output tubes are the power 
output and distortion. For class A operation, 
they may be calculated from the plate-voltage vs 
plate-current family using the grid biases as 
indicated in Fig. 3. E© '^ E is the normal op- 
erating bias. The undistorted power output is 



where 

I' 



U.P.O. = |( I')* Rp 



I»^, - In4„ + /^( Ii - I2 ) 



lb 

Eb 
^gp 



plate current + screen current 

screen voltage 

amplification factor from 

control grid to screen grid 
control-grid to 

screen-grid spacing 



and 



Rp = Load Resistance 
E - E . 

max m 1 n 



max m i n 
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The proper operating bias for a single class A 
triode is equal to 0.675 Ei^/fi. Further informa- 
tion on triode operation is given in a paper by- 
Call endar. 

Class B Operation — With the advent of class- 
B output tubes, it became necessary to develop a 
simple factory test to reject poor tubes. A di- 
rect class-B test would consist of two tubes in 
push-pull driven ly a suitable tube and operating 
into the rated load. The power output and dis- 
tortion would then indicate the performance . Such 
a test is not suited for regular production test- 
ing. 

The elimination of the distortion test and the 
substitution of an a-c signal in series with a 
resistance eq\ial to the effective series resist- 
ance which would be introduced by the driver tube 
would simplify the test. However, such a test 
would not provide a method for testing the power 
output of a single tube. So, to do this, we in- 
sert into the plate circuit of the tube a simple 
series resistance equal to one quarter of the 
normal plate-to-plate load and measure the direct 
current through this resistance. In the case of 
two tubes, the fundamental power output in watts 
is 

P.0._. ...... = ^ R 



two tubes 



Fig. 3 - (top) Pentode family, 

(bottom) Triode family. 



and in the case of one tube. 



The power output will be obtained in watts when 
the values for Emax* Emin, Imax) Wn* ^l* ^^ ^2 
are expressed in volts and amperes, respectively. 
Distortion can be calculated with the follow- 
ing formulas. 

% 2nd Harmonic : 

When 3rd harmonic is present = 



- 100 



max Din ^ 



I. ax - I»in -^ /!( Ix - I. ) 



When 3rd harmonic is absent s 



I + I . 

aax mi n 



- I. 



- 100 



aaz Bin 



% 3rd Harmonic = 

I..X - I. in - /!( U - I. ) 



- 100 



P.O. 



one tube 



= — R 
4 



max Bin 



where Ij, is the peak value of current in amperes 
through the load resistance R in ohms. 

The problem then resolves itself into the de- 
termination of the peak current. In the case of 
zero quiescent current and an assumed straight- 
line characteristic as indicated in Fig. 4-a, the 
output of a single tube is a series of half -sine 
waves in which the average current is Im/t and 
the rms current is Iin/2. In the case of a prac- 
tical tube, the output consists of a sine T/ave 
of current slightly distorted and with part of 
the lower peak cut of f as shown in Fig. 4b. E. W. 
Herold^ gives an equation for Ij, in terms of I^q 
and Ibo> ^is follows: 



Im = 



( I^c - 0.25 Ibo ) 



Substituting this equation in the one above for 
the single- tube power output, we obtain 

P-O-one tube =7 ^ ^dc ' 0.25 Ifao )' R 



2 M. V. Callendar, "A Theory of Available Output 
and Optimum Operating Conditions for Triode 
Valves," Proc. I.R.E., Vol, 21, No. 7, p. 909} 
July, 1933. 



/i'C Ii - Is ) 3 Rgf. 20-3. 
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This fomnila leads to an error not exceeding 3 
per cent in all cases where the distortion is 
less than 10 per cent and where the range for the 
ratio Idc/^bo ^^ between 1.1 and infinity. For 
values ordinarily encoxintered, the error is prob- 
ably under 1 per cent. 





Fig. 4 

SUPPRESSOR-GRID DESIGN 

As has been stated previously, the screen-grid 
tube was the first advance over the simple triode. 
The screen grid, placed between the control grid 
and the plate and maintained at a fixed positive 
potential served two purposes. These were (1) to 
reduce grid-to-plate capacitance and (2) to main- 
tain a fixed positive field independent of plate- 
voltage changes resulting from the load. In out- 
put tubes, the reduction of grid-to-plate capaci- 
tance is not particularly significant, but having 
the screen grid at a fixed positive potential al- 
lows a larger current to flow to the plate at low 
plate voltages. The first commercial tubes using 
a screen grid were the types 22 and 24.. The plate 
family for each of these types was similar to that 
of the type 24-A which is shown in Fig. 5- It can 
be seen from this family of curves that at plate 
voltages less than that of the screen, secondary 
electrons from the plate flow back to the screen. 
If an output tube were made with characteristics 
similar to this with no precautions taken to re- 
duce the effect of secondary emission from the 
plate, distortion and probably oscillation would 
result. 

There are several methods available which may 
be used either singly or in combination to reduce 
the effect of secondary emission.'^ One method is 



to roughen the plate surface so as to present a 
number of small pits which tend to trap secondary 
electrons . The most satisfactory roughened sur- 
face for this purpose is a heavy carbon coating 
produced by a sooty flame. Such a carbon coating 
in addition to its trapping action also is effec- 
tive in reducing secondary emission because of 
its low emissivity. 
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Ref. 20-4. 



Fig. 5 



A second method consists of placing fins on 
that surface of the plate toward which the primary 
electrons are accelerated. This method is effec- 
tive because many of the released secondary elec- 
trons leave the surface at such an angle as to 
strike the fins on which they are collected. The 
cavities formed by the fins are similar in their 
action to the pits described in the previous 
method . 

A third method is to prevent the secondaries 
from hitting the accelerating electrode by using 
a construction so designed that the high velocity 
of the secondaries causes them to trace an orbit 
which fails to touch the screen grid. A tube 
with a large diameter plate and a small diameter 
coaxial screen grid accomplishes this purpose. 

A fourth method and one which is now being used 
more, involves the creation of a virtual cathode 
between the screen and plate, as in the 6L6 and 
similar beam power tubes. 

A fifth method utilizes a suppressor grid be- 
tween the screen and plate. Such a grid, which 
is held at a low potential (usually tied to the 
cathode) serves to reduce the field at the plate, 
and thereby effectually retards all the second- 
aries except those with sufficiently high initial 
velocity. This method will be discussed in de- 
tail. 

If the space charge between screen and plate 
is neglected, the factor governing the number of 
secondaries which can pass to the screen is the 
retarding potential, which is the difference in 
potential between the plate and suppressor grid. 
The potential of this grid is a function not mere- 
ly of its applied potential but also of the space 
potential at the position of this grid, if this 
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grid were not present. It can be shown from elec- 
trostatic principles that the effective potential 
Eg of a grid between two other electrodes (see 
Fig. 6), if space charge is neglected, is given by 
the expression 



— + 1 + 



where Ep^ and Epp are potentials of plates No.l 
and No. 2, respectively, and jij^ and (ip ^re the 
amplification factors of the grid to plates No.l 
and No. 2, respectively. 



Lp, tq tpj 

Fig. 6 

Suppose that it is desired to suppress second- 
ary electrons from plate No. 2 and to impede the 
flow of primary electrons from plate No.l, which 
we will assume is the screen grid, to plate No. 2 
as little as possible. The retarding potential 
of the grid to secondaries from plate No. 2 is 
then: 

+ E(j + 



"P2 



Ert = E 



P2 



+ 1 + 



1 + M-i 



Ep, + Egfi, 



= E 



P2 



1 + J^l + 



^ 1 + fi^ + — 



For this quantity to be as great as possible 

EpgC 1 + }^,) » Ep^ + Eg^i, 

and in the usual case when the suppressor grid is 
at zero potential 

Epg( 1 + fx,) » Ep, 



From this it follows that (i^ should be as large 
as possible to prevent the flow of secondary 
electrons from plate No. 2 to plate No.l which we 
have assumed is the screen grid. 

By a similar analysis , it is easily shown that 
in order to allow primary electrons to pass read- 
ily from plate No.l (the screen grid) to plate 
No. 2, ^2 should be as small as possible. Geomet- 
rically, these two conditions can-be satisfied by 
placing the suppressor grid as close as possible 
to plate No. 2. The actual required n from sup- 
pressor grid to plate is best determined by trial. 
In Fig. 7, curve (a) shows the effect of a sup- 
pressor grid with a |j. lower and (b) shows the ef- 




PLATE VOLTAGE 

Fig. 7 

feet of a grid with (j. higher than required for 
optimum suppression of secondary electrons from 
plate to screen grid. 

BEAM POWER TUBES 

A paper by 0. H. Schade5 gives the theory and 
the design of beam power tubes with space-charge 
suppression of secondary-emission effects. It 
also gives the general requirements of an ideal 
output tube as: 

1) Low d^is^tortion consisting mostly of sec- 
ond harmonic with very little third and negligi- 
ble higher-order harmonics . 

2) Good__p£wer_sens^ijtivity to permit low- 
level operation of the preamplifier stage. 

3) Hi£h_p£we^r_out£ut with self -bias and 
supply circuits having the voltage regulation of 
conventional receivers . 

4) Maximum efficiency in both tube and as- 
sociated circuits with respect to power dissipa- 
tion as well as cost. 

5) ;^ffe£tiv£ damping of resonant load. 

These requirements are more nearly met by the 
new beam power tubes than by any of the other 
output tubes. 



■^ 0. H. Schade,"Beam Power Tubes," Proc. 
Vol. 26, No. 2, p. 137; February, 1938. 



I .H.JS. f 
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EFFECT OF CONTROL-GRID WIRE DIAMETER 



CONTACT POTENTIAL 



It is possible to obtain the same \i value by- 
using either a heavy wire with open pitch (solid 
cui^es in Figs. 8 and 9) or a fine wire with clos- 
er pitch (dashed curves in Figs. 8 and 9). The 
dashed ciirves indicate much more desirable elec- 




PLATE VOLTAGE 



Fig. 8 







LOAD RESISTANCE 



Fig. 9 



trical characteristics with greater power output 
and reduced distortion. However, as in most 
features of tube design, a compromise must be 
made between mechanical strength of the grid and 
excellence of the electrical characteristics. 



Variations in grid-to-cathode contact poten- 
tial are most serious in tubes with low operating 
bias (high-mu tubes) and high transconductance . 
In such tubes, this contact potential is probably 
the greatest single cause of variation in char- 
acteristics. For example, in a tube designed to 
operate with a plate current of 2 milliamperes 
and a transconductance cf 1200 micromhos, a change 
of 0.2 volt in the grid-to-cathode contact poten- 
tial results in a deviation of 12 per cent in the 
plate current. 

In hlgh-mu tubes, such as type 75 which oper- 
ates normally at a bias of -1.5 volts or less, 
variations in contact potential not only alter 
the plate current but also materially affect the 
magnitude of the signal which may be applied to 
the control grid before grid current starts to 
flow. A change in contact potential from 0.3 to 

1.1 volts woxild reduce the peak input signal from 

1.2 volts to 0.4- volt, or to one-third of the 
largest signal which may be applied to the grid 
of a tube with the lowest contact potential. 

Contact potential has been the subject of con- 
siderable investigation but at the present time 
there has been no practical method put into use 
which economically controls it closer than ±0.3 
volt. 

GRID EMISSION 

In conventional tubes with indirectly heated 
cathodes and in power-output tubes, grid emission 
is difficult to prevent. Carbonization or other 
treatment of the plate surface to increase radia- 
tion, and grid-radiator collars are used to remove 
heat from the grid. Grid side-rods of copper and 
extra leads in the press welded to the grid are 
means used to conduct heat away from the grid 
wires. Low-temperature cathodes, increased spac- 
ing between cathode and grid, and grids plated 
with gold and some other metals, all tend to re- 
duce grid emission. Benjamin, Cosgrove, and 
Warren 6 state that the only sure method at present 
known for preventing grid emission is to keep the 
grid-wire temperature below 320°C. 



Benjamin, Cosgrove, and Warren, "Modern Receiv- 
ing Valves: Design and Manufacture," Jour. I.E.E., 
Vol. 80, No.A8/i, p. A12; April, 1937. 
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Lecture 21 

THE DESIGN OF RADIO-FREQUENCY AMPLIFIER TUBES 

T. J. Henry 



INTRODUCTION 



TRANSCONDUCTANCE 



For good receiver performsmce, it is de- 
sirable that r-f and i-f amplifier tulses have 
high transconduotaace, low signal grid-to-plate 
capacitance, high plate resistance, and low r-f 
distortion. For economic reasons, we are also 
interested in low heater power, low cathode cur- 
rent, small tube size, and ease of tube manu- 
factiire. At very high frequencies, low input 
and output capacitances and low transit-time 
loading are also essential. The relative im- 
portance of these various factors depends on 
particular circuit requirements and an engineer- 
ing compromise must be made among them to de- 
termine a satisfactory design. 

In this lecture we will disoiiss briefly sev- 
eral of the above characteristics and indicate 
approximate methods of obtaining them. Exact de- 
sign formulas are, in general, not available and 
so the designer must proceed by the cut-and-try 
method using his past experience and the avail- 
able formulas to tell him what alterations to 
make in order to obtain the desired character- 
istics. 

The desired characteristics are most nearly 
obtained in the r-f pentode.^ This type can be 
made with high trans conductance, high plate re- 
sistance, low grid-plate capacitance, and low 
r-f distortion. The tetrode can also be made to 
meet prescribed characteristics provided the 
plate voltage is not permitted to swing below 
the screen-grid voltage into the region where 
secondary electrons flow from plate to screen 
grid. When the plate voltage of the tetrode is 
higher than the screen potential, secondary 
electrons flow from the screen grid to the plate. 
The magnitude of this secondary-emission current 
varies with plate voltage and reduces the plate 
resistance below that which would obtain if no 
secondary emission occurred. Due to differences 
in the surface conditions of screen grids, there 
are wide variations in screen-grid current be- 
tween tubes and in individual tubes during life. 
These variations make it impractical to use ser- 
ies screen— grid resistors with tetrodes in set 
design. In the case of pentodes, however, these 
variations do not exist, and so the use of series 
screen-grid resistors is practical. Since the 
pentode has higher plate resistance and more uni- 
form screen current than the tetrode and can be 
operated with equal screen and plate voltages, it 
is practically the only type used for r-f work 
in the modern receiver. 



^ E. W. Ritter, "The Radio-Frequency Pentode: A 
New Use of the Suppressor Grid," Electronics, 
pp. 10-11 J January, 1932. 



^b + Ec + el 


f 


1,4b 





The eqiaation for plate current in an ideal 
parallel-pleine triode is 



Ik = G 



where, 

I^j = plate current (when E^ is negative) 

E^ = plate voltage 

Eg = applied grid bias 

e = internal grid bias 

\l = amplification factor (grid to plate) 

a = distance between grid and cathode in cen- 
timeters 

b = distance between grid and plate in centi- 
meters 

Q ~ 2.33 X 10~° X cathode area in sg cm 
(cathode-to-grid distance) ^ 

_ 2.33 X 10-^A 
a 



Designating 



1+1.1-^ 



as a , 



\i 3 M'a. 
and differentiating with respect to E^, we have 



h-\ 



% 



+ Ec + e 



dib 
dE^ 






1^ + E^ + e 



It can be seen from the above formulas that 
the gm can be made larger by decreasing the 
cathode-to-grid distance, or by increasing the 
cathode area, or the effective voltage. A de- 
crease of n ? in a increases gm to [100/(10Q-n)]'^. 
An increase of n Jf in the cathode area increases 
Sm ^ n 5f . In both cases the I^ increases lin- 
early with gn,. An increase of n if in effective 
voltage increases gm to (100 + n) V2 % and I]j, to 
(100 + n)3/2 %, Increasing the effective volt- 
age is the least efficient method of the three. 
The supply voltages and cathode wattage (and 
area) are limited by the set requirements. 

The value chosen for the amplification factor 
may be determined by a number of considerations. 
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It is usually made fairly high (about 20) in r-f 
tubes in order to obtain a high ratio of gj^/lbj 



since 



8m 



2 Eb „ 
—5 + Ec+ £ 



However, the choice may also depend on the cut- 
off voltage desired or on the magnitude of g 
required . ™ 

The grid-to-cathode distance can be decreased 
only to a certain point as determined by diffi- 
culty of maniifacture and lack of uniformity. The 
usual practice in ordinary receiving tubes hav- 
ing a grid length of approximately one inch is to 
use a grid-to-cathode distance of from .008" to 
.015", but spacing less than .010" increases the 
mounting difficulties considerably. In special 
types, such as the acorn tube and 1851 for use 
at very high frequencies, this spacing is re- 
duced to .005" or less to obtain high g^j and to 
decrease transit-time loading. In these types, 
the characteristics of the tubes begin to depart 
considerably from the 3/2 -power relation owing 
to the non-unifomaity of the potential along the 
cathode and possibly to the effect of the posi- 
tion of the virtual cathode. 

In tube design2>3 it is desirable to keep 
the ratio of the spacing between adjacent tirms 
of the grid wire to the grid-to-cathode distance 
less than unity. This is done to improve the 
uniformity of the field acting on the cathode. 
In the case of tubes having a very small grid- 
to-cathode distance, the ratio can be kept less 
than imity only by the use of finer grid wire 
which increases the mechanical problems of grid 
winding and mounting. Wires down to .001" in 
diameter have been used for grids, but .0033" is 
the lowest size which is oi^dinariiy used. 

By decreasing the distance from grid to plate 
and increasing the grid turns per inch to keep 
the same |i, b/a and consequently a can be reduced 
with a resultant gain in gjj. The increase in 
turns per inch also decreases the ratio mentioned 
in the previous paragraph, and increases the uni- 
formity of the field at the cathode if the plate- 
to-grid spacing is not made too small. The re- 
duction in tliis spacing has the disadvantage that 
a .001" change will cause a larger percentage 
change in [i, and hence smaller tolerances for 
these parts may be required. 

For the calculation of g^j and lb in a pentode, 



2 Benjamin, Cosgrove, and Warren, "Modem Re- 
ceiving Valves: Design and Manufactiire," Jour. 
I.E.E., Vol.80, No.^84, pp.401-A31; April, 1937. 

3 

L. Oertel, "On the Theory of Valves whose Grid- 
Cathode Spacing is Smaller than the Pitch of the 
Grid," Telefunken-Rohre, No. 12, pp. 7-17; April, 
1938. 



G'vt — 



SG'V^ 



the following approximate formulas are usually 
satisfactory: 

Ik = G'(V)t 
lb = SG'(V)t 

Sm =|SG'V^ + 

im = 3.1 
lb 2 V 

where, 

Ijj = cathode current 

G' 



G 



p = the useful fraction of the calculated 
perveance < 1 

lb 



V = effective potential**- 



^ii-i 



+ E. + e 



1 4 b 
a = 1 + + 



Mi-2 3 Hi_z a 

A more accurate formula for the ideal tetrode 
or pentode effective potentials may be derived 
but since the geometry of actual tubes is seldom 
either cylindrical or plane, the increase in ac- 
curacy is generally not sufficient to justify the 
use of a more complicated formula. 

The q\iantity dS/dEd is negligible,^ since 
the distribution of space current between screen 
and plate is not appreciably affected by the No.l 
grid potential provided there are no focusing 
effects or secondary space charges. 

The factor p depends upon the percentage of 
the cathode area cut off by the field of the grid 
side-rods and en the deviations from the perveance 
as calctilated with the formula for the parallel- 
plane or cylindrical case due to the variation 
in grid-cathode spacings such as occur when an 
elliptical grid is used with a round cathode. 
The value of p can be roughly estimated from a 
study of the cross section through grid and cath- 
ode and from experience with constructions hav- 
ing similar grid and cathode shapes. The use of 
wider center-to-center distances of the No.l grid 
side-rods and of smaller diameter side-rods will 
to a certain extent increase p. 

The above formulas are derived from the paral- 
lel-plane case but can be used for tubes with a 



^ H. Rothe and W. Kleen, "Current Distribution: 
Theory in Multi-grid Tubes," Telefunken-Rohre, 
pp. 1-23; March, 1936. 
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cylindrical cathode, and with elliptical, cylin- 
drical, or flat grids with fair aociiraoy, except 
that the perveance will vary considerably from 
that of the ideal case. 

The valTie of S, the plate-to-cathode ctirrent 
ratio, may be roughly approximated by 

S = 1 - (TPI X d) 
where , 

TPI = turns per inch of screen grid 

d = screen-grid wire diameter in inches 

GAPACITMGE FROM SIGNAL GRID TO PLATE 

The effect of feedback capacitauioe in a tuned- 
grid, t\ined-plate amplifier has been treated in 
a ntomber of articles^*" by assuming that the 
tube characteristic was linear. For a given 
grid-to-plate capacitance, the increase in gain 
we can obtain through an improvement in circuit 
constants or from an increase in g^ is limited 
in practice, when we reach the maximum amount of 
regeneration which can be tolerated. The fonn of 
the equation derived in the references for a 
single-stage amplifier is 



^gP 



2goG 



where go and Gare the respective equivalent con- 
ductances of the output and input circuits, w is 
2n times the frequency, and gm is the transcon- 
ductance of the tube. 

This formula is based on the starting point 
of oscillation and it is usually necessary to 
use a Cgp of l/U or less of the value from the 
formula, depending on the particular circuit re- 
quirements. As an example, in ordinary receiver 
design, a tube with a plate resistance of 1 meg- 
ohm and a gj, of 2000 micromhos should have a Cg-, p 
of less than .005 [Hif. With this capacitance, 
an increase in g^ above 2000 micromhos will not 
permit any appreciable increase in gain, unless 
some method of neutralization is employed. The 
allowable value is best determined by applica- 
tion tests. In higher frequency circuits where 
the load impedances are not usually as great, 
larger values of Cgyp can be tolerated, and higher 
gi3 tubes can be used to advantage. 

Low capacitance from No.l grid to plate is 
obtained by using screen-grid tubes with closely 
wound screens at zero r-f potential. The No.l 
grid lead and plate lead must also be catrefully 
shielded outside of the mount itself. The ca- 
pacitance within the active tube electrodes can 



5 B. J. Thompson, "Oscillations in Tuned Radio- 
Frequency Amplifiers," Proc. I.R.E., Vol. 19, 



421; March, 1931- 



No.3, p 

Bernard Salaberg, "Notes on the Theory of the 
Single-stage Amplifier," Proc. I.R.E., Vol. 24., 
No. 6, pp. 879-897; June, 1936. 



be made as low as desired by winding the screen 
grid more closely. However, the proportion of 
cathode current which is absorbed by the screen 
increases with the turns per inch, and the gn of 
the tube Is reduced projxjrtionately. Some further 
reduction in C™p may be obtained hy cutting down 
the area of the plate to the useful portion in 
the path of the electron stream. 

In pentodes, the suppressor grid also con- 
tributes to the reduction in capacitance. In a 
parallel-plane type of structure, the suppressor 
should be located about half-way between screen 
grid and plate for minimum capacitance. No 
optimum position has been determined for the 
cylindrical case, but since variations in the 
diameter of the suppressor do not seem to be 
critical, a spacing nearly half-way between No. 2 
grid and plate will be satisfactory. 

In the conventional r-f pentodes of the uni- 
potential-oathode type made in this country, the 
screen current is about .20 of the total cathode 
current and the capacitances are in the order of 
.005 Hjxf in glass tubes, and somewhat lower in 
metal tubes because of the better shielding. 
Some European pentodes have a screen-to-cathode 
current ratio of 0.25 to 0.30 and somewhat lower 
capacitances, but this reduction may be due in 
part to other variations in construction than the 
turns per inch on the screen. It has been ob- 
served that an increase in the ratio of screen 
current to plate current in a pentode causes an 
increase in the fluctuation noise in the plate 
circuit of the tube.''' 

It is not very practical to calculate the 
actual capacitance of a tube structure because 
the field through the mount is non— uniform due 
to the side-rods. The best way is to determine 
the capacitances on actual tubes and make such 
changes in the parts as are necessary. 

VLkTE RESISTANGE 

In the simple linear theory of the vacuum 
tube, with capacitances neglected, the voltage 
amplification is: 



V.A. = 



output 

Q 

Input 



= g 



R 



ra o 
1 .- 



where R is the load resistance and rp is the in- 
ternal plate resistance, dE-b/dl^,. In order to 
realize high gains, it is desirable to keep R/r^ 
small. In i-f amplifiers, the external load 
impedance may be as high as 0.2 megohm and r^ 
should be 0.8 megohm or higher. If the external 
load is relatively low, as in television cir- 
cuits, rp need not be as high as 0.8 megohm. 



' H. Rothe and W. Engbert, "Noise in Receiving 
Tubes in the Region from 150 Kc to 15 Mc," Tele- 
funken-R6hre, No. 11, p. 183; December, 1937. 
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I g 
The valtje of Tp*' is affected by the screen 

and plate voltages at which an r-f or i-f ampli- 
fier tube is operated. In modem a-c receivers, 
Ec2 is about 100 volts and E], is about 250 volts . 
In a-c/d-c receivers, the screen voltage equals 
the plate voltage and is approximately 100 volts . 
Regardless of whether the plate and the screen 
are operated at the same voltage or whether the 
plate is operated at a higher voltage than the 
screen, it is important to keep rp as high as 
possible . 

A high value of r^ is indicated in a pentode 
when its E^^ vs I^ curves show a steep rise as E^, 
is increased from zero, make a sharp knee, and 
continue almost parallel to the horizontal axis. 
As shown in Fig. 4- of Lecture 20, if the sup- 
pressor grid has insufficient turns per inch, a 
secondary-emission dip may occur in the E^ vs I-t, 
curve just after the kneej and if the suppressor 
has too many turns per inch, the knee of the 
curve will not be sharp. In either case, too low 
a value of rp will occur at low plate voltages. 
It should be noted that it is not advisable to 
place the suppressor grid close to the plate as in 
output pentodes. In r-f pentodes, the value of 
Cg^p is important, and so a position half-way 
between screen and plate is chosen. In order to 
design a suppressor grid which will provide the 
desired characteristics, it will be fo\jnd help- 
ful to consider the suppressor— screen mu-factor 
as explained in Lecture 20. An investigation of 
the values of Hgop and Hg3_2 on several types of 
r-f pentodes designed for 100-volt screen-grid 
operation showed that (igop and (lg3-2 fere roughly 
equal and had an average value of about 7.5, 
varying from 4 to 10. This average figure might 
well be used as an initial trial value In design 
work when the construction is such that a stand- 
ard suppressor grid cannot be used. 

The design of a suppressor grid is facili- 
tated by making a trial tube in which the sup- 
pressor lead is brought out. On this trial tube, 
it is convenient to determine the magnitude and 
direction of any necessary change in the turns 
per inch to obtain the best shape of Eb-Ib 
curves. This can be done by varying the bias on 
the suppressor and observing the effect of this 
variation on the E^-I^ family as seen on the 
curve-tracer (or by measuring rp under various 
voltage conditions). After the best bias on the 
suppressor grid has been found, it is possible to 
calculate a new grid which when operated at zero 
bias with respect to the cathode, will provide 
the same effective potential in the suppressor 
plane as the suppressor grid of the trial tube 
with "best" bias. This method may give in- 
accurate results if the suppressor grid is very 
far wrong in initial design. 



Other factors besides optimum plate resistance 
and capacitance may determine the design of the 
suppressor grid. In some types, such as the 6K7 
in which the suppressor grid is brought out to a 
separate base pin, over-suppression is employed 
so that an oscillator voltage may be applied to 
this grid where the tube is used as a mixer in a 
superheterodyne circuit, without requiring an ex- 
cessive oscillator voltcge for good performance. 

Another factor which lowers plate resistance 
is the so-called "bulb effect." When an insula- 
tor with good secondary-emission properties, such 
as a glass bulb-wall, is near the plate and if 
through some transient effect it is struck by 
stray electrons, more electrons may be emitted 
from the insulator than strike it. As a result, 
a positive charge will be built up on the insu- 
lator surface. The potential of the insulator 
will approach that of the plate until an equili- 
brium condition is reached between the nixnber of 
electrons striking and leaving the Insulator per 
unit of time. The plate current then consists of 
two components, i^ through the grid array from 
the catliode, and 1^ from the insulator. When the 
plate voltage fluctuates at radio frequency, 
dEi/dib may be low enough to reduce the total 
plate resistance considerably, sometimes to l/5 
of the value due to dEt/dib alone. This reduc- 
tion in rp does not always appear in the conven- 
tional rp bridge measurement and should be checked 
in actual r-f circuits. 

The secondary emission from glass bulbs is 
eliminated or reduced to a negligible amount by 
spraying the inside of the bulb with carbon. 
Secondary emission can, however, occur with other 
insulators than the glass bulb-wall. In one de- 
velopmental construction, a very marked effect 
was obtained from a mica near the plate and in 
the path of the electron stream. 



RADIO-FREQUENCY DISTORTION 

It has been shown9>10,ll that if the plate 
current of an r-f amplifier tube is other than a 
linear or quadratic function of the grid voltage, 
several forms of r-f distortion may occxar. Tfhen 
an r-f carrier modulated by an a-f signal of 
modulation factor m is applied to the grid of a 
tube with other than a linear or quadratic char- 



^ Loc. cit. 

0. H. Schade, "Beam Power Tubes," Proc. I.R.E., 
Vol. 26, No. 2, pp. 137-181; February, 1938. 



° S. Ba]J.antine and H. A. Snow, "Reduction of 
Distortion and Cross-talk in Radio Receivers by 
Means of Veiriable-Mu Tetrodes," Proc. I.R.E., 
Vol. 18, No. 12, pp. 1377-1387; December, 1930. 

•^° R. 0. Carter, "The Theory of Distortion in 
Screen-Grid Valves," Wireless Engineer, Vol. 9, 
No. 8, pp. 429-438; August, 1932. 

■'-•'■ C. S. Bull, "Non-Linear Valve Characteristics; 
A Brief Discussion of Their Use," Wireless En- 
gineer, Vol. 10, No.2, pp. 83-88; February, 1933. 
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acteristic, the resviltlng a-c output current (or 
voltage across a small load) wi3J. contain har- 
monics of the audio modulation frequency. A rise 
in the modulation factor will also occur. 

When m is small, the ratio of second har- 
monic to the f imdamental in the a-f modulation is 



g. 



3 

— m 
16 g 



— - m — E' 



where E is the maximum amplitude of the carrier 
voltage , and 

de| 

where eg is the signal voltage . When m approaches 
unity, we have 

_3 ££ g2 
16 g„, 

Similarly, a phenomenon known as cross-modu- 
lation is produced by the interaction of a modu- 
lated unwanted carrier and a wanted carrier. The 
wanted carrier E^ becomes modulated with the 
audio frequency of the imwanted carrier Eu and 
no subsequent selective circuits can remove this 
interference. This cross-modulation generally 
occurs in the first tube, because unwanted car- 
riers are greatly attenuated in the later stages . 
When Eu is small compared with E^j the modula- 
tion of the wanted by the tmwanted carrier is 
approximately 



M 



g. 



Eu' "'u 



In order to obtain constant cross-^nodvilation 
at any bias when Ey and m^ are constant, g^g^ 
must be constant, and 



^m ~ ^B 



e 8 



where g™ and b are constants, e = 2.718, and Og 
is the grid voltage. If we plot log gm vs eg, 
we obtain a straight line with a slope b hav- 
ing an intercept at the T-axis of gjn = gmQ, as 
shown in Fig. 1. 

As demonstrated by Ballantine and Snow,' an 
exponential characteristic will give high modu- 
lation rise at high signal strengths, unless ex- 
cessive values of plate current are xised. It is, 
therefore, usual to design the eg vs gm charac- 
teristic so that it is concave downwards when 
plotted on a semi-logarithmic scale, and so that 
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Fig. 1 



gjVgm is smaller at the higher grid biases at 
wHich the tube will be working with a large sig- 
nal in a set with an avc system. 

Let it be assumed that the screen grid is 
supplied from a high voltage through a series 
resistor of the proper value to give the usual 
screen voltage at minimum negative control-grid 
bias. Then, when the bias is made more negative, 
the screen voltage will rise due to the regu- 
lation and the cut-off bias of the tube will be 
increased. This method may be used to obtain a 
lower value of g^gn, without increasing the plate 
current at minimum grid bias. It has the disad- 
vantage that higher avc biases are necessary to 
obtain the same decrease in gain. 

In Fig. 2 are shown the curves of gm vs Eg^^ 
on a semi-logarithmic scale for a remote cut-off 
r-f pentode with and without a series screen re- 
sistor. In Fig. 3 are shown the carrier voltages 
which may be applied to the control grid before 
4.5% second-harmonic audio distortion occurs 
plotted against the percentage of maximum trans- 
conductance at which the tube is working. It 
can be seen from these figures that actual tubes 
depart considerably from the exponential law. 
There are a number of methods of determining the 
r-f distortion of actual tubes. A niimber of 
these are outlined by Strutt.-^ 

The design of a tube to have a remote cut-off 
characteristic is accomplished by varying the 
turns per inch of the control grid along its 
length so that various sections of the grid cut 
off at different biases. The grid may be con- 
sidered as made up of a number of constant— mu 
sections of different lengths and with per- 



Loc. cit. 



12 M. J. 0. Strutt, "Moderne Mehrgitter- Elek- 
tronenrohren," Julius Springer, Berlin, pp. 18-20. 
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veances proportional to their lengths. The eg vs 
gm ciirves may then be calctilated and added together 
to give a resultant curve . By changing the lengths 
and mu' s of the varioiis sections, it is possible to 
obtain a curve approaching the desired character- 
istic. An experienced engineer can generally ob- 
tain a reasonable design in one or two trial tests. 
Several articlesl3,14 have been written on 
the design of variable-pitch grids by mathe- 
matical analysis, but these methods are tedious 
and, in general, not as \isef\il as the simpler 
cut-and-try method. 

ULTRA-HIGH FREQUENCIES 

At very high frequencies, the input and out- 
put capacitance c£ a tube are a considerable por- 
tion of the tuned-circuit capacitance and limit 
the possible L/C ratios and the tuning range. 
These capacitances may be reducedl5,lo ]yy reduc- 



■^-^ G. Jobst, "On the Relation between 'Durch- 
griff ' (l/^t) and the Space-Charge Law in Tubes 
with Variable 'Dvirchgriff ' ," Telefunken-Zeitung, 
Vol. 12, pp. 29-U; 1931. 

^ J. E. Scheil and F. Marguerre, "On the Theory 
of Electron Tubes with Varying 'Durchgriff ' along 
the Axis of the System," Arch. Elektrotechn., 
Vol. 28, pp. 210-233; 1934- . 

■' B. J. Thompson and G. M. Rose, "Vacuiim Tubes 
of Small Dimensions for Use at Extremely High 
Frequencies," Proc. I.R.E. , Vol. 21, No. 12, pp. 
1707-1722; December, 1933- 

^° B. Salzberg and D. G. Bumside, "Recent De- 
velopments in Miniature Tubes," Proc. I.R.E. , 
Vol. 23, No. 10, pp. 1U2-1157; October, 1935. 



ing all tube dimensions proportionately without 
altering the lb, gm» ^'tC' until initial velocities 
of the electron become an important factor. The 
acorn tubes have been designed on this principle 
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although all the dimensions could not be reduced 
in proportion because of mechanical limitations. 

In larger tubes, the output capacitance may 
be reduced by cutting down the plate area until 
only the electron collecting area is left. Re- 
duction of input capacitance is a difficult prob- 
lem because the area is largely determined by 
the size of the cathode, and because the spacings 
must be close not only to reduce transit timel' 
but also to provide high gjj. High g^ is neces- 
sary if any gain is to be realized, because, as 
mentioned previously, load impedances are usually 
small at very high frequencies. The use of sec- 
ondary-emission multiplication-^" has been siig- 
gested as a means of obtaining high gm without 
large cathode areas and extremely small spacings. 

Other factors such as the effect of the in- 
ductances of the electrode leads and of the elec- 
trodes themselves become important at \iltra-high 
frequencies and have been discussed by Stmtt and 
Van der Ziel.^^ 



^'^ W. R. Ferris, "Input Resistance of Vacuum 
Tubes as Ultra-High-Frequeney Amplifiers," Proc. 
I.R.E., Vol. 24, No.l, pp. 82-105; January, 1936. 

1^ J. L. H. Jonker and A. J. W. M. van Overbeek, 
"The Application of Secondary Emission in Ampli- 
fying Valves," Wireless Engineer, Vol. 15, No. 3, 
pp. 150-156; March, 1938. 

^9 M. J. 0. Strutt and A. Van der Ziel, "The 
Causes for the Increase in the Admittances of 
Modem High-Frequency Amplifier Tubes on Short 
Waves," Proc. I.R.E., Vol. 26, No.8, pp. 1011- 
1031; August, 1938. 



208 



Lecture 22 

THE DESIGN OF DETECTORS AND CONVERTERS 

T. J. Henry 



DIODE DETECTORS 

The discussion of detectors ?rill be confined 
to diodes, since these are almost universally 
used as detectors in radio receivers to-day. 

The function of the detector is to demodulate 
r-f or i-f signals. Consider an amplitude-modu- 
lated signal, e = E (1 + m cos ot) cos «ot, where 
0) is 2n times some radio frequency, o is 2n times 
an audio frequency, and m is a modulation factor 
less than 1. If this signal is applied to the 
circuit shown in Fig. 1, in which the condenser 
C2 has a finite impedance to frequencies of the 
order a/2n, and a negligible impedance to the 
frequency oi/Zn, the circuit can be regarded as 
that of a simple half -wave rectifier with supply 
voltage E cos (ot varying in amplitude at the rate 
cos at. Across the load resistance R will appear 
a d-c voltage with a superimposed a-c voltage 
A cos at. This simplified explanation will serve 
for most tube-design considerations. More de- 
tailed treatments will be found in the litera- 
txrre.l 




Fig. 1 

In tube design we are interested in making a 
tube that will not only furnish the peak cvirrents 
which occur with maximum signal input, but that 
will also give good rectification efficiency. The 
rectification efficiency (D) may be defined as: 

d-c voltage across R^^ Eq ' 

D = ^ = — 

peak a-c voltage across Ci Eg 

(1) 



If the tuned circuits in Fig. 1 are in reso- 
nance, we can represent them approximately by 
the equivalent circuit shown in Fig . 2 . The value 
of Rg, the equivalent resistance in series with 
the diode, would be rather difficult to evaluate, 
but by assuming that it is small compared with 
Tfj, the equivalent diode resistance, it is possi- 
ble to calculate rectification efficiencies, peak 



H. A. Wheeler, "Design Formulas for Diode De- 
tectors," Proc. I.R.E., Vol. 26, pp. 7^5-780; 
June, 1938. 



plate currents, and average currents for any cir- 
cuit values and applied voltages, as explained 
in Lecture 19 . 

In the diode detector stage used in conven- 
tional broadcast receivers, the value of R^, 
the load resistor, is made high compared with 
(Rg + T^) . This is done to obtain high rectifi- 



-wvw^ 



0-. 




e=Es cos wt 



Fig. 2 

cation efficiency and also to decrease the power 
which must be supplied to the diode by the pre- 
ceding stage. However, too high a value of R^ 
can cause distortion due to the difference in the 
a-c and d-c impedance of the R^ - C2 combination. -'- 
For most receivers the value of R^ is between 0.1 
and 0.5 megohm. 

On the basis of the resistance range for R^, 
experience shows that a diode with an oxide-coated 
cathode which will give a plate current of over 
1 milliampere at 10 volts on the plate and which 
will not be emission-limited below 2 milliamperes, 
is satisfactory. If we express this condition 
mathematically, we find that the diode must have 
a perveance of 



0.032 



plate milliamperes 
(plate volts)* 



A design to satisfy this relation can be very 
readily obtained in practice. Any increase in 
perveance over the value given by this relation 
will not add appreciably to the detector effi- 
ciency when the value of R^ is over 0.1 megohm. 

Some television circuits may require a much 
lower load and in these special cases the use of 
rectifier design charts may be necessary for 
proper tube design. Some of these circuit re- 
quirements can be met by use of available power 
rectifiers, but special tubes with low capaci- 
tances and high perveance would be useful. 

For ordinary broadcast receivers, the required 
perveance is so easily obtained that it is cus- 
tomary to combine the diode detector tube with 
an amplifier tube in one bulb. In this combina- 
tion, two diodes are placed near the bottom of 
the cathode and either a triode or pentode above 
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them. These double-f miction tubes effect a con- 
siderable saving in tube and socket cost- They 
do, however, have a critical feature not present 
in simple diodes. 

If we have a diode and a triode on the same 
cathode in one envelope (as in Fig. 3), and an 
a-c signal is placed on the diode, some electrons 
during the time when the diode plate is positive 
will be accelerated towards the diode plate. The 
number depends upon the amplitude of the a-c sig- 




Fig. 3 

nal voltage. Instead of being collected by the 
diode plate, these electrons may continue out 
into the space beyond the diode plate where they 
can be collected by the triode plate (or by its 
plate lead which comes down past the diode struc- 
ture) . The result is that a sort of triode is 
formed with the diode plate as the grid and the 
triode plate as the anode and that a distorted 
audio signal results across the load in the triode 
plate circuit. This distortion is particularly 
objectionable in receivers where the volume is 
controlled by a potentiometer arrangement across 
the diode load resistor Rj_ because the signal 
does not go to zero with the slider completely 
to the right, and the phase relations may be such 
that a null point occurs at some intermediate 
position of the slider. 

This diode coupling effect may be effectually 
eliminated by shielding the diode section of the 
tube with a grounded shield so that very few stray 
electrons can escape. It might be thought that 
an ungrounded shield such as a mica would suf- 
fice, but from the results of experiments on a 
developnental type of diode-triode, it appears 
that grounded shielding is the safer method. In 
a circuit similar to that in Fig. 3 except that 
the grid is grounded, the amount of diode coupling 
may be determined by applying an a-c signal to 
the diode plate and reading the resultant a-c 
voltage across the triode plate load. Any new 
design of combination tube should be checked in 
this manner before the design is fixed. 

Difficulties arising from coupling between 
the two diode imits when each is used in a dif- 
ferent circuit are apparently of little general 
importance . 

Since the diodes are generally located on one 
end of the cathode where temperature conditions 



are none too uniform, and changes in processing 
may have considerable effect, it is wise to make 
the theoretical perveance at least twice that 
necessary to give the 1 milliampere at 10 volts 
mentioned above. 

In addition, due to the position of the diodes 
and the variations in processing, variations in 
contact potential occur which may be a source of 
trouble. In order to have any sensitivity at low 
signal voltages, it is necessary that the con- 
tact potential be such that the diode draws a 
small amount of current with no applied plate 
voltage. In some types of circuits such as that 
of a diode-biased triode, it is important that 
the diode start to draw current before the triode 
grid. This circuit is used very little in pres- 
ent set design. 

These diode-current starting points should be 
controlled by a periodic quality check to detect 
process changes which materially affect the di- 
ode-current cut-off. 

In combination tubes the temperature of the 
diode plates is so low that no trouble has been 
experienced with primary emission from the plates. 
It woiild produce a reverse current on the nega- 
tive cycle of the applied a-c voltage. However, 
in tubes where considerable cathode power is 
used, the diode plate temperature may be high 
enough to cause some primary emission and a re- 
verse current will flow. This reverse current 
need not be large to cause decreased sensitivity 
on small signals and should be considered in the 
tube design. Process control or the use of plates 
with better radiating qualities, i.e., plates 
made of blackened, roughened material or with 
larger area, will prevent the reverse emission. 



DESIGN OF CONVERTERS 

In superheterodyne receivers, the incoming 
modulated r-f signal voltage of given frequency 
is applied to a stage in which a local oscillator 
volliage of some other frequency is produced. The 
difference between the radio and oscillator fre- 
quencies gives rise to an intermediate frequency 
which is amplified by the i-f stages. This in- 
termediate frequency contains the same modulation 
components as does the r-f signal as well as some 
added distortion components. 

If the frequency of the local oscillator is 
varied, any particular r-f signal within a given 
band may be used to produce an i-f signal of some 
constant frequency to which the i-f stages are 
tuned. The i-f stages can be carefully designed 
for the i-f carrier and its side bands so that a 
more efficient amplifier with better control of 
the selectivity can be obiiained than one in which 
variation of the circuit constants of each stage 
is necessary for tuning. The tuning of the set 
is then accomplished by varying only the con- 
stants of the r-f circuit and the local oscil- 
lator circuit. 

When two voltages of different frequencies f^ 
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and fg are applied to any non-linear circuit, a 
number of resultant frequencies occur among which 
is the difference frequency (f^ - fg) = f^ . If 
the output impedance of the non-linear cxrcuit 
is large for fj^ and negligible for the others, a 
voltage of frequency f ^^ alone is obtained. 

The stage in which the intermediate frequency 
fi is obtained is sometimes called the first- 
detector or modulator stage but is also called 
the converter stage. Tubes which act as the non- 
linear element in the circiiit but are supplied 
by a separate oscillator tube will herein be 
called mixer tubes. Those types which perform 
both the function of oscillator emd mixer will 
be called converter tubes. 

Before the introduction of special mixers and 
converters, various circuits using triodes, tet- 
rodes, or pentodes were used. With these, the 
oscillator voltage was generally introduced in 
the cathode circuit. These circuits had the dis- 
advsmtage that the oscillator voltage was always 
capacitively coupled to the signal circuit so that 
when the signal circuit was not of negligible 
impedance to the oscillator frequency, a voltage 
of oscillator frequency occurred across the sig- 
nal circuit and, if sufficiently high, produced 
such effects as degeneration, grid current, and 
radiation in the antenna circuit. Since the os- 
cillator voltage was applied across the heater- 
cathode circuit, hum modulation was also intro- 
duced if heater-cathode insulation was poor. 
Furthermore, if the heater was not tight in the 
cathode, microphonics occurred due to vailing 
heater-cathode capacitsince. 

Through the use of a screen grid to separate 
the oscillator and signal elements, this capaci- 
tive coupling can be reduced. Such a circuit can 
be obtained with an r-f pentode by introducing 
the signal on the No.l grid and the oscillator 
voltage on the No. 3 or suppressor grid. As will 
be shown later, in order to obtain maximum con- 
version gain, it is necessary to cut off com- 
pletely the plate current dxiring approximately 
one half of the oscillator-voltage cyc¥e. Since 
the suppressor grid of the conventional r-f pen- 
tode has a low mu-f actor, a fairly high amplitude 
of oscillator voltage is required to obtain the 
proper operating conditions. The use of a high 
oscillator voltage is undesirable because it is 
difficult to obtain uniformly over the operating 
range, and because it may induce undesired ef- 
fects in other circuits. Another disadvantage of 
the r-f pentode for mixer use is that the plate 
resistance of this type of tube is low when a 
high negative bias is applied to the suppressor. 
The average plate resistance over a cycle of os- 
cillator voltage is considerably lower than the 
load impedance normally used in the plate cir- 
cuit, with the result that there is loss in gain. 

1. Quter-Gr id-Injection Mixers (Class I ) 

The pentode with suppressor-grid injection 
led to the design of the class of mixer tube which 



is the simplest from the viewpoint of design, 
namely, that in which the oscillator signal is 
introduced or injected by means of a grid fiirther 
from the cathode than the signal grid (No.l). An 
example of this class is the 6L7. These outer- 
grid-injection-type mixers will be called class I 
mixers. As can be seen from Fig. 4,, the class I 
mixer is similar to the pentode with oscillator 
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Fig. U - Outer-grid-injection mixer (6L7). 



voltage on the No. 3 grid except that an additional 
screen and suppressor have been introduced to in- 
crease the plate resistance. 

A useful figure of merit for converter tubes 
is the conversion transconductance g^,, which is 
defined as follows: 



i,. in the output circuit 

gc = (2) 

e . in the input circuit 



when the r-f signal input voltage is small. 

Conversion transconductance can be used to 
determine the conversion gain (C.G.) of the stage 
in the same manner as transconductance (g^) is 
used for r-f pentodes. 



C.G. 



(3) 



1 + 



where R^ is the load resistance and rp is the ef- 
fective plate resistance of the mixer tube with 
the oscillator voltage applied. The magnitude of 
rp varies with the strength of oscillation, but 
under any given voltage conditions rp may be de- 
fined as the inverse of the rate of cnange of d-c 
plate current with plate voltage. Expressed as 
an equation, this definition is 



di, 



de. 
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For the class I mixer the value of conversion 
transconductance can be shown to be^ 



_1_ 
2n 



g„ cos wt d(a)t) (4) 
i-p 



where gm^.p is the transconductance from No.l 
grid to plate and the voltage on the No. 3 grid 
varies at the rate E cos ut about a d-c bias Eq. 
In Fig. 5, gmi_p is shown plotted as a function 
of Ec3 for three different cases, as shown by 
curves A, B, and C. These cases will now be con- 
sidered . 




In order for the integral determining g^ to 
be a maximum, the tube should operate only when 
cos wt is positive. The g» should be cut off at 
all angles of wt between n/2 and -7i/2 and should 
be a maximum during the interval ~n/2 to ii/2 . The 
case represented by curve A fulfills these re- 
quirements when the d-c bias is at the value of 
Eqj at which gmi-p vanishes. For this optimum 
case, the value of gg is 



-,-p^-'^^ 



In practice, 
appear to be 
shape of curve B 
give a value of 
sented by curve 
by curve C, i.e 



a curve of this shape does not 
possible, but a curve having the 
can be obtained. This curve will 
gc between that of the case repre- 
A and that of the case represented 
, , between 



'«il-p(""> 



and 



»ID (»•») 
i-p 



^ C. F. Nesslage, E. W. Harold, and W. A. Harris, 
"A New Tube for Use in Superheterodyne Frequency 
Conversion Systems," Proc. I.R.E., Vol. 24., No. 2, 
pp. 207-218; 1936. 



when gni-j^__(max) occurs at the most positive ex- 
cursion of the oscillator voltage and the d-c 
bias is approximately at gm cut-off. 

If a curve of the transconductance from signal 
grid to plate vs oscillator grid bias is avail- 
able, it is possible to determine gg for any bias 
and a-c amplitude on the oscillator grid by an 
approximate integration of equation {/^) . 

Let -Eg be the bias, and Eg = (-Eq + E^, cos cat) 
be the instantaneous voltage on the oscillator 
grid. Using the Trapezoidal Rule for approximate 
integration with 30° intervals for wt, we obtain 
the following equation: 

(gg+ 1.73gg+ g,) - (gj+ l-73g2+ gg) 



12 



(5) 



where gj^, g2, and so on, are the values of trans- 
conductance between signal grid and plate to be 
taken from the gm-Ec curve at the values of E^ 
derived from the following table. 



Signal-Grid-to-Plate 




Transconductance at 


cos wt 


Ec = (-Eo + Em cos wt) 




Si 


1.000 


g2 


0.866 


g3 


0.500 


g5 


-0.500 


86 


-0.366 


g? 


-1.000 



The voltage Eq in some mixer circuits is a 
fixed bias. In converter circuits and in a num- 
ber of mixer circuits, Eq is the voltage drop 
(IcRc) across a grid leak in the oscillator grid. 
The rectification efficiency, Eq/E^, in such a 
self-bias circuit depends on the circuit and the 
shape of the grid-current curve. In the usual 
converter circuits with oscillator grid leak of 
approximately 50000 ohms, efficiencies of 70 to 
90 per cent are realized. 

In order to make a mixer with high conversion 
transconductance, it is necessary to make gmi_p 
high at or near the condition of the maximum pos- 
itive oscillator excirrsion. The high value of 
gmi_p is obtained in the same way as for r-f pen- 
todes, namely, by increasing the perveance. The 
perveance can be increased by the use of a Isirger 
cathode area or by close cathode-to-No.l-grid 
spacing, and also by using close No.l-to-No.2- 
grid spacing. Since a high ratio of screen cur- 
rent to cathode current reduces the transconduct- 
ance, and since we have two screen grids in the 
mixer, the reduction in transconductance is some- 
what more than in the case of the r-f pentode. 
The choice of the turns per inch for the No. 2 
grid depends on the amount of shielding required 
for producing the desired capacitance as in the 
case of the r-f pentode. The turns per inch for 
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the No. 4. grid are selected to obtain high rp by 
reducing the effect of plate voltage on the po- 
tential in the plane of the No. 3 grid. 

In order to keep the oscillator-voltage re- 
quirements within reason, the No. 3 grid should 
have a fairly high mu-f actor j and as a result, 
more current is returned to the No. 2 grid than 
would return if the No. 3 grid were designed only 
for suppression. 

In mixer service at high frequencies, a transit 
time effect occiirs which may cause electron cur- 
rent to flow to the No.l grid even at negative 
potentials. 2 >3 when the No. 3 grid is swinging 
negative, some of the electrons approaching it are 
turned back towards the screen. While they are 
returning, the No. 3 grid potential continues to 
increase negatively and additional force is ex- 
erted on the returning electrons. Some of these 
electrons do not strike the screen but circle 
around and return into the region between grids 
No. 2 and No. 3 where, if the period of transit is 
right, they acquire still more energy by the same 
means. Eventually they may have enough to over- 
come the retarding field due to the negative 
potential of the No.l grid and will then flow 
through the No.l grid circuit. 

In order to keep this grid-current effect 
small, it is necessary to decrease the transit 
time by making the space between grids No. 2 and 
No. 3 as small as is consistent with good control 
action by the No. 3 grid. The tube may also be 
designed to operate with a higher No.l grid bias. 

2. Inner-Grid-Injection Mixers (Class II ) 

The second class of mixers is that in which 
the oscillator voltage is applied to the No.l 
grid and the signal voltage to an outer grid. 
Mixers in this class will be termed inner-grid- 
injection- type mixers. At present there are no 
class II mixers as such on the market, but the 
principle is employed in a number of converters 
in which such mixers are combined with oscil- 
lators. 

The conversion trans conductance (g^) of a 
class II mixer may be determined from a curve of 
gm3-p (or gm^^ if G4. is the signal grid) as a 
function of E^^ '^sing the formulas discussed for 
the class I mixer but substituting gm3_p for 
gmi_p and considering Ecj as the oscillator volt- 
age instead of Ec3 (see Fig. 6). The maximum gc 
is approximately 



3-p 



or 



4-p 



Loc. cit. 

3 M. J. 0. Strutt, "Electron Transit Time Effects 
in Multigrid Valves," Wireless Engineer, Vol.15, 
pp. 315-321 ; June, 1938. 



when optimum oscillator conditions are used. 

In this type of mixer, however, one is con- 
fronted with the problem of the design of a space- 
charge-grid tube to provide maximiun gmj and the 
conditions for optimum design of this type of 
tube have not been analytically determined to the 
degree that they have for the former types of 
tubes. 




Fig. 6 - Method of determining numerical values 
for use in equation (5). 

Salzberg and Haeff^ and others have studied 
this problem assuming no transverse fields. 
Below, 5 Rothe suid Kleen," and Recknagel''' in vari- 
ous German papers have considered the problem 
as an electron-optical one. By neglecting space 
charge and taking into consideration only the 
deflection of the electrons by the field of the 
various grid wires, they have derived expressions 
for the anode current in terms of the geometry of 
the tube and the potentials on the various elec- 
trodes. These papers are not particularly useful 



^ B. Salzberg and A. V. Haeff, "Effects of Space- 
Charge in the Grid-Anode Region of Vacuum Tubes , " 
RCA Review, Vol. 2, No. 3, pp. 336-37Aj January, 
1938. 

5 Frank Below, "Zur Theorie der Raumladegitter- 
rohren (On the Theory of Space-Charge Grid Tubes) ," 
Zeitschrift fiir Fernmeldtechnik, Vol.9,PP. 113- 
118, 136-U3; 1928. 

" H. Rothe and W. Kleen, "Stromverteiliu-gssteu- 
erung (Controlling of Current Distribution)," 
Telef unkenrohre , pp. 158-174. j November, 1936. 

''' A. Recknagel, "Zur Intensitatssteurung von 
Elektronenstromen (On Intensity Control of Elec- 
tron Streams) Hochf : tech.u. Elek:akus., Vol.51> 
No. 2, pp. 66-72; 1938. 
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for the actual design of a specific converter, 
but give an interesting theoretical background. 

If the screen grid (No. 2) and the signal grid 
(No. 3) were made of many turns of exceedingly 
fine wire so that the fields were very uniform 
and deflections were reduced, a high maximum gjn 
would be realized. Unfortunately, we cannot attain 
these conditions because mechanical strength de- 
termines the wire size, and the signal grid usu- 
ally has a variable pitch (including a large gap) 
to reduce r-f distortion and cross-modulation. 

The design of the space-charge-grid mixers is 
therefore, largely accomplished by trial and er- 
ror . The dimensions of the grids are varied until 
an acceptable value of gj. is realized. During 
the course of the design of such a mixer, it has 
been found useful to study the Eci-gin3_p curves 
of one structure before designing the next trial 
structure. The Eci-Ib curves with various £03*8, 
which can readily be obtained on the curve tracer, 
are also useful. In certain cases, the use of a 
rubber-membrane field model for tracing electron 
trajectories and of a probe for determining cur- 
rent distribution have also been used. 8 

An important feature of the class II mixer is 
that the curve of si^ial-grid bias (Ecg) vs gc 
may have a maximum at some negative value of Ect • 
This maximum may be moved in a positive direction 
by increasing the turns per inch on the high-mu 
section of the signal grid. It is obviously de- 
sirable to have this peak occur at a bias less 
negative than the minimum value of -Eqo. With 
the present trend toward zero bias on r-f tubes 
and converters, the peak should be at or very 
close to EcQ = 0. Consideration should also be 
givt,n to the range over which this bias for peak 
gc may vary in production tubes. 
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3. Present Designs of Mixers and Converters 

There are a ntunber of different general types 
of mixers and converters on the market, each of 
which has its advantages and disadvantages. The 
general principles of each type will be described 
at this point and later comparisons will be made 
of some of the merits and defects of the various 
types . 

In Fig. A is illustrated the schematic diagram 
of the class I mixer, which has been previously 
discussed. Fig. 7 shows a triode-hexode-type 
mixer, such as the 6J8-G. It consists of a class I 
mixer and a triode oscillator, both having a 
common cathode. The triode grid is tied inter- 
nally to the No. 3 grid of the mixer section. 

The other two types of converters to be dis- 
cussed each consist of a class II mixer plus an 
oscillator section. In each case a single grid 
structure is used for the oscillator grid and 
for the No.l grid of the mixer, but in one con- 



HEXOOE 

GRIDS 

Nt2 t. NS4 



HEXODE 

GRID NSI 

R-F INPUT 



CATHODE t. 
SUPPRESSOR GRID 




TRIODE GRID 

& 

HEXODE GRID N*3 

OSC. INJECTION 



Fig. 7 - Triode-hexode converter (6J8-G), 



struction separate electron streams are used for 
oscillator and mixer. 

Fig. 8 shows a pentagrid converter, such as 
the 6A8. In this type, a pair of rods serve as 
the oscillator anode. These rods are commonly 
called the No. 2 grid and are located as shown in 
Fig. 8 in the plane of the grid side-rods between 
the No.l grid and the first screen grid (G3). 
Since they are shielded from the cathode by the 




N9 3 GRID 
(SCREEN) 



Fig. 8 - Cross-section of penta- 
grid converter (6A8). 

No.l grid side-rods, they derive their current 
mainly from electrons which turn back in front of 
the signal grid (G^) and return through G3. In 
order that there will be adequate oscillator- 
anode current, the rods must be at a considerably 
higher voltage than the screen voltage. The cur- 
rent and gm of the oscillator are also dependent 
on the bias applied to the signal grid (G^) . 

In Fig. 9 is shown a cross-section of the 6K8.9 
In this type, the flat cathode is surrounded by 
a flat grid which acts as the oscillator grid on 
the lower side of the figure and as the first 
grid of the mixer on the upper side. On the mixer 
side, a single grid serves as both inner and outer 



J. L. H. Jonker and A. J. W. M, van Overbeek, 
"A New Converter Valve," Wireless Engineer, 
Vol. 15, pp. ^23-431; August, 1938. 



^ E. W. Herold, W. A. Harris, and T. J. Henry, 
"A New Converter Tube for All-Wave Receivers," 
RCA Review, Vol. 3, No.l, pp. 67-77; July, 1938. 
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screen grid. The screen grid and signal grid axe 
surroxinded by a shield which separates the oscil- 
lator and mixer sections and also functions as a 
suppressor grid between G^ and Phx* 

A converter type EK3 has lately been announced 
ty the N. V. Philips' Glowlampworks in Holland 
which also makes use of separate electron streams 
for the oscillator and mixer. ^ In addition, the 
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Fig. 9 - Cross-section of triode-hexode converter 
type 6K8. 



constmction is such that very few electrons can 
return from in front of the signal grid to the 
region of the No.l grid. 



4.. Important Featxires of Converters 



Desirable features in mixers or converters 



are: 



4) 
5) 

6) 



7) 



High plate resistance of the mixer (rp) 
Low cost 



1) High conversion trans conductance (g^) 

2) 

3) 

Low cathode current 

Low coupling effects between oscillator 

and input circuit 

Low frequency drift 

a. with automatic volume control (avc) 

b. with supply voltage 

c. due to oscillator interlocking 
Low input conductance 



8) High oscillator transconductance. 

The high g^ and r^ need no further comment. 
Cost is, of course, a factor in all tube design 
but in the case of the converters, it has had a 
great deal to do with the choice of design. 

5. Coupling Effects 

With an inner-grid injection type of mixer, 
the negative space charge in the vicinity of the 



control (signal) grid increaseslO,ll as the os- 
cillator grid becomes more positive. This in- 
crease in negative space charge tends to drive 
electrons out through the control-grid circuit. 
The capacitance between oscillator grid and con- 
trol grid has the opposite effect, that is, a 
positive increment of voltage on the oscillator 
grid will tend to induce a negative charge on the 
control grid and draw electrons in through the 
control-grid circuit. If, as is customary, the 
oscillator frequency is higher than the signal 
frequency, the input circuit offers capacitive 
reactance to the oscillator frequency and the 
variation in space charge will produce a voltage 
out of phase with the oscillator voltage. This 
electron coupling acts as a negative capacitance 
from oscillator grid to signal grid. The effect 
becomes more important at high frequencies be- 
cause, if we keep the intermediate frequency con- 
stant, the signal and oscillator frequencies have 
a lower ratio and, therefore, the input-circuit 
impedance will become appreciable at oscillator 
frequency so that higher voltages of oscillator 
frequency will be developed across the signal 
circuit. With higher oscillator frequency than 
signal frequency, this induced voltage of oscil- 
lator frequency on the signal grid tends to re- 
duce gc. With lower oscillator frequency than 
signal frequency, it tends to increase g^. 

The negative capacitance due to space-charge 
coupling can generally be neutralized for any par- 
ticular frequency by connecting an external capac- 
itance from oscillator grid to signal grid, 8, 11 
but at very high frequencies where transit time 
becomes a factor, the use of a resistance in se- 
ries with the capacitance^ may be required. This 
method of neutralization is not entirely satisfac- 
tory. It has been observed that the use of a neu- 
tralizing capacitance increases frequency drift 
in the 6K8. The Philips' Glowlampworks use a 
built-in neutralizing capacitance and resistance 
in the type EK3- They state that frequency drift 
is increased by this neutralization but is still 
low enough to be satisfactory. 

Outer-grid-injection tubes also show some 
space-charge coupling due to electrons returning 
from the oscillator grid to the signal-grid re- 
gion but the effect is slight. In the inner-grid 
injection type, space-charge coupling is inher- 
ently present because the space charge near the 
signal grid must vary at oscillator frequency. 



Loc. cit. 



Loc. cit. 



^° W. A. Harris, "The Application of Superheter- 
odyne Frequency Conversion Systems to Multirange 
Receivers," Proc. I.R.E., Vol. 23, pp. 279-295} 
1933. 

11 M. J. 0. Strutt, "Performance of Some Types 
of Frequency Changers in All Wave Receivers," 
Wireless Engineer, Vol. 14, pp. 184-192; 1937. 
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6. Qscillator-Fl-equency Drift^ >9>ll 

The oscillator frequency in most converters 
varies with the bias on the signal grid. This 
variation is of sufficient magnitude in the 6A8 
and similar converters to cause considerable dif- 
ficulty in the high-frequency bands where a per- 
centage change in oscillator frequency will cause 
a much larger percentage change in the beat fre- 
quency between a given r-f signal and the oscil- 
lator frequency. 

If a fading r-f signal is tuned in, the vari- 
ation of the avc bias may be sufficient to cause 
the station to swing in and out of the band. A 
more important effect is the difficulty encoun- 
tered in tuning. 9 The magnitude of the output 
will differ when one tunes in from the higher- or 
the lower-frequency end of the dial to a station 
with a large signal. Considerable readjustment 
may be necessary to obtain optimum tuning. 

Change of frequency with change in signal-grid 
bias may be due to a change in the magnitude or 
the phase angle of the oscillator gjn, to a change 
in the internal capacitances of the tube, or to 
a combination of these effects. An out-of -phase 
component in the transconductance will act as 
additional capacitance or inductance in the os- 
cillator circuit, and a change in phase angle, 
or in magnitude of g^,, will change the value of 
this effective capacitance or inductance. 

In the pentagrid converter, the oscillator 
anode derives most of its electron supply from 
the electrons retiurning through the screen from 
the G3-G^ region. Changes in signal-grid bias 
affect both the number and the paths of the elec- 
trons returning to the oscillator anode and have 
considerable effect on the magnitude of gm and 
also on the phase angle of gm (due to transit 
time) at high frequencies. 3, 8 

To reduce this oscillator drift with frequen- 
cy, a designer can put the oscillator section on 
a separate electron stream from that of the mixer 
section. This arrangement was employed in the 
6K8 with the result that the frequency drift was 
very much reduced. 9 Other factors, such as the 
change in input capacitance with variations of 
signal-grid bias, cause some residual frequency 
drift with avc in both inner- and outer-grid in- 
jection types of converters, but with separate 
shielded electron streams the effect is small. 

Frequency drift may also occur when the supply 
voltage to the converter elements is varied. This 
may happen when the line voltage fluctuates; or 
in a set where the regulation of the rectifier 
filter circuit is not perfect, fluctuation in the 



voltages on the converter elements will occur 
when the average current drawn by the other tubes 
in the set changes due to signal. If the frequency 
drift is large enough, the signal strength £ind 
avc bias on the other tubes in the set vary, and 
a type of audio-frequency motor-boating known as 
"flutter" may occur at high input signals if the 
time constants of the circuits are favorable. This 
effect can be reduced by adequate by-passing of 
the screen and oscillator-anode supplies, but 
such by-passing, of course, causes extra expense. 
Measurements usually show less fluttering on the 
outer-grid injection type of converter but the 
reason is not well understood. It may be due in 
part to factors other than those discussed above. 

7 . Interlocking 

At high signal inputs to the 6A8, an effect 
known as "interlocking" occurs. Interlocking is 
due to the signal-frequency pulses of electrons 
from in front of the signal grid which return to 
the oscillator anode and tend to pull the oscil- 
lator frequency into step with the signal fre- 
quency.-'-'-' This effect is small in types where 
the oscillator is on a separate electron stream. 

8. Input Conductance 

High input conductance in a converter loads 
the tuned input circuit, broadens the tuning, and 
decreases the gain. In the case of the outer- 
grid-injection mixers, the input conductance in- 
creases with frequency in a manner similar to the 
increase of conductance in the conventional triode 
or r-f pentode. Moreover, it has been observed 
that under the oscillating condition the conduct- 
ance is higher than might be expected from conven- 
tional tube considerations . Measurements of input 
conductance under static conditions show that it 
increases with increasingly negative oscillator- 
grid bias. 

The increase in conductance is apparently due 
to the electrons which return from the oscillator- 
grid region to the No.l grid-cathode region. When 
their return is prevented, this variation of input 
conductance with oscillator-grid bias may be 
greatly reduced. One method of reducing the num- 
ber of returning electrons is by the use of beam 
principles similar to those used in the Philips 
EK3.° Electron c\irrent to the No.l grid will 
also be reduced. 

The input conductance of inner-grid-injection 
converters is generally low and may even be nega- 



tive. 



11 



Loc . cit 



Loc . cit 



Loc. cit. 



9. Signal-Grid Current 

Signal-grid current in outer-grid-injection 
mixers has been previously discussed. This phe- 



11 



Loc . cit . 



10 



Loc. cit. 
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nomenon has also been observed in inner-grid-in- 
jection converters to a smaller degree, although 
the reason for its occurrence is not clear. 

10. Oscillator Trans conductance 

The magnitude of the gj, of the oscillator is 
important because at high frequencies the circuit 
losses become greater and a higher g^ oscillator 
is desirable in order to get adequate excitation. 9 

In the pentagrid converter, gm can be increased 
by using a larger oscillator anode, but a loss 
of gc or a higher cathode current will result. 

In the 6K8, the oscillator gm is quite high 
because of the large amount of cathode area de- 
voted to it. 'With a rectangular cathode, one half 
of the cathode is used for the oscillator and with 
the other half it is possible to get enough per- 
veance to operate the mixer section with a fair 
amount of gg. 

In the outer-grid-injection converters, the 
oscillator and mixer sections in practice are 
mounted one above the other; and in order to get 
adequate perveance for the mixer section, the 
oscillator uses less than half of the cathode 
length. Since it is convenient for stem connec- 
tions to mount the oscillator section at the bot- 
tom, the end-losses are high in this section and 
variations in g^ due to emission changes are to 
be expected. It is possible to improve the g^ by 
the use of a rectangular cathode or by the use of 
a larger cathode with more heater power . The rec- 
tangular cathode would increase the cost of ein 
already expensive construction, and increased 
heater power is not very acceptable in tubes for 
use in both a-c and d-c sets. 

11. Comparison of the Various Types of Converte rs 

The pentagrid converter offers the advantages 
of being relatively low in cost, but its large 



Loc . cit . 



frequency drift, lower oscillator g^,, and elec- 
tron coupling are undesirable for high-frequency 
use. It can be used with an external oscillator 
tube to eliminate the first two objections but 
this increases set cost. 

The 6K8 is reasonably cheap, has low frequency 
drift, and good oscillator gm, but still has 
electron coupling. Because the 6K8 lacks sym- 
metry, distortion of its parts during manufacture 
produces greater changes in characteristics than 
occur in types having symmetrical structures. 
The principle of separate electron streams for 
oscillator and mixer could be applied to sym- 
metrical structures (as in the Philips EK3) but 
the cost would probably be high. 

The outer-grid-injection mixer in which beam 
principles are used can be designed to have all 
the desirable features listed above except the 
one of low cost for the converter stage. Low cost 
is precluded since a separate oscillator tube is 
required. It does not appear practical to build 
a tube combining an outer-grid-injection mixer 
with an oscillator having as high a g^ and oscil- 
lator gm as are obtainable with the inner-grid- 
injection converter using the same heater power. 
The choice of a converter or mixer design, 
therefore, depends largely on properly balancing 
economy and performance. 

12. Application Tests 

All new designs of tubes should have applica- 
tion tests when there is any doubt about their 
performance in actual circuits; but in converters 
and mixers, so many factors are involved that a 
thorough study of their performance under actual 
operating conditions is extremely desirable, es- 
pecially in the high-frequency bands. Other dif- 
ficulties which have not been discussed above 
but which should be investigated in application 
tests are hum, hiss, off -resonance microphonics, 
blocking, and variation in performance over the 
expected range of oscillator excitation. 
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THE DESIGN AND CONSTRUCTION OF TRANSMITTING TUBES 

E. E. Spltzer 



Transmitting tubes are used as audio ampli- 
fiers, modulators, linear amplifiers, frequency 
multipliers, power amplifiers, plate-modulated 
amplifiers, and for a host of miscellaneous pur- 
poses. Audio amplifiers are generally operated 
class A, while modulators are operated class B. 
Linear amplifiers are also operated class B and 
are used to amplify modulated waves. Transmitting 
tubes in the other classes of service are gen- 
erally operated class C. 

These three classes of service will be con- 
sidered briefly. Fig. 1 shows a schematic circuit 
of a class A amplifier and how the plate-current 




INPUT 

(s 



tortion is avoided, as shown in Fig. 3. The maxi- 
mum theoretical efficiency of such an amplifier 
is 78.5 per cent. 

When a class B amplifier is used to amplify a 
narrow band of frequencies, such as a broadcast 
signal, a tuned load circuit can be used. Due to 
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Fig. 2 

the strong filtering action which is obtainable 
with such a circuit, it is not necessary to use 
two tubes in push-pull. The tuned circuit can be 
made to eliminate the harmonics. 



Fig. 1 



wave is produced by a grid-voltage wave. Opera- 
tion of the tube on the linear portion of its 
characteristic produces an output wave which is 
substantially undistorted. The maximum theoreti- 
cal efficiency of a class A amplifier is 50 per 
cent. The grid is generally not driven positive j 
hence, the power gain is high. 

Fig. 2 shows the circuit diagram and formation 
of the plate-current wave in a class B audio 
amplifier. The grids are biased approximately to 
cut-off so that only one tube conducts at a time. 
Use of two tubes in push-pull permits reproduc- 
tion of the full wave-form in the output circuit . 
As a result, generation of serious harmonic dis- 
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Fig. U shows the characteristics of a class B 
linear amplifier of the type just described. It 
will be observed that the circulating current in 
the tuned circuit (lip) varies linearly with the 
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must be eliminated by a tuned circuit. Fig. 8 
shows the characteristics of a simple tuned cir- 
cuit. For an operating Q of 20, as is often used, 
the resistance of the circiiit to the second har- 
monic is only 0.11 per cent of the resistance 
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Fig. U 

amplitude of the a-c grid voltage up to a satura- 
tion point. Hence, if the a-c grid voltage is 
modulated over this range, the output current 
will also be modulated. If the a-c grid voltage 
is to be 100 per cent modulated, it is necessary 
to choose an operating point half-way up the 
linear portion of the Ij curve. As Fig. 4- shows, 
the efficiency also varies linearly with a-c grid 
voltage, so that at the carrier point the maxi- 
mum theoretical efficiency is only 39.3 per cent. 
Practically, only about 33 per cent efficiency is 
attained. This is a convenient figure, as it 
means that the carrier output of a tube in class 
B linear operation is equal to half its plate- 
dissipation rating. 

In general, the efficiency of an amplifier in- 
creases as the angle of each cycle, during which 
plate current flows, decreases. In a class C 
amplifier, high efficiency is desired, so the 
grid is biased well beyond cut-off. Current flows 
usually about 120 degrees of each cycle. The 
maximum theoretical efficiency is 100 per cent. 
The grid is driven fax positive in order to get 
the maximum output. Fig. 5 shows the voltage and 
current wave-forms in such an amplifier. 

When a sinusoidal, grid-exciting voltage is 
used, the plate-current wave-form is roughly a 
section of a sine wave. For such a condition, 
Fig. 6 shows the calculated ratio of peak plate 
current to d-c plate current as a function of the 
half -angle of plate-current flow. These high 
peaks must, of course, be considered in the de- 
sign of the cathode for a tube to be operated in 
such service. 

By means of Fig. 7, the plate efficiency of 
an amplifier can be calculated. As this figure 
shows, the efficiency depends on the product of a 
voltage and a current factor. Practically, effi- 
ciencies of the order of 70 per cent are easily 
attained . 

Naturally, the plate-current wave-form of a 
class C amplifier is rich in harmonics, and these 
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Fig. 6 

presented to the fundamental component. The re- 
actance to the second harmonic is 3-33 per cent. 
It is readily seen that even though there is a 
high percentage of harmonic in the plate-current 
wave-form, it is strongly reduced by this simple 
tuned circuit. In practice, a second stage of 
filtering is obtained by tuning the antenna cir- 
cuit, so that the harmonic radiation can be re- 
duced easily to any desired value. 
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Fig. 7 - Class B and C amplifier efficiency. 



The maximum ratings of trsmsmitting tubes for 
class C telegraph service 6Lre considered the 
basic ratings, as the ratings for other classes 
of service can be derived from them. The maximum 
ratings are given for d-c plate voltage, d-c plate 
current, plate input, plate dissipation, screen 
voltage and input, suppressor voltage and input, 
grid bias and grid current. The maximum plate 
ratings are determined by the original require- 
ments and design. In any case, the plate input 
is not allowed to exceed four times the plate 
dissipation, as higher values would require more 
than 75 per cent efficiency, which would be very 
difficult for all users to obtain. 
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Fig. 9 shows the maximum ratings of the RCA- 
807 for several classes of service. The funda- 
mental class C telegraph ratings were established 
by means of life tests. In the case of class C 




RCA-807 
Transmitting Beann Power Amplifier 

As R-F Power Amplifier and Oscillator — Class C Telegraphy 

Keydown conditions per tube without modulation 

D-G Plate Voltage 600 max. Volts 

D-C Screen Voltage (Grid No. 2) 300 max. Volts 

D-C Grid Voltage (Grid No. 1) -200 max. Volts 

D-C Plate Current 100 max. Milliampcres 

D-C Grid Current 5 max. Milliamperes 

Plate Input 60 max. Watts 

Screen Input 3.5 max. Watts 

Plate Dissipation 25 max. Watts 

As Plate-Modulated R-F Power Amplifier — Class C Telephony 

Carrier conditions per tube for use with a max. modulation factor of 1.0 

D-C Plate Voltage 475 max. Volts 

D-C Screen Voltage (Grid No. 2) 300 max. Volts 

D-C Grid Voltage (Grid No. 1) -200 max. Volts 

D-C Plate Ci'Rrent 83 max. Milliamperes 

D-C Grid Current 5 max. Milliamperes 

Plate Input 40 max. Watts 

Screen Input 2.5 max. Watts 

Plate Dissipation 16.5 max. Watts 

As R-F Power Amplifier — Class B Telephony 

Carrier conditions per tube for use with a max. modulation factor of I.O 

D-C Plate Voltage 600 max. Volts 

D-C Screen Voltage (Grid No. 2) 300 max. Volts 

D-G Plate Current 80 max. Milliamperes 

Plate Input 37.5 max. Watts 

Screen Input _ 2.5 max. Watts 

Plate Dissipation 25 max. Watts 



Fig. 9 



Fig. 8 - Characteristics of a simple 
tuned circuit. 



telephone service, the ratings are given for car- 
rier conditions, that is, with no plate modula- 
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tion applied. It is well knovm that the power in 
a 100 per cent modulated wave (single frequency 
modulation) is 50 per cent greater than in the 
carrier wave al one. The rms voltage is greater 
by a factor of yi.5, or roughly 1.25- These fac- 
tors are used in reducing the plate ratings for 
class C telephone service. The plate-input and 
dissipation ratings are reduced by the factor 
1/1.5 (= 66.7/S) from the class C telegraph rat- 
ings. The plate voltage is reduced by the fac- 
tor 1/1,25 (= 80%). 

For class B telephone service it is neces- 
sary to reduce the plate-input and plate-current 
ratings because of the low efficiency under car- 
rier conditions. An efficiency of 33 per cent 
is assumed for rating purposes, and this fixes 
the plate input at 150 per cent of the plate- 
dissipation rating. The plate- and screen-voltage 
ratings are not reduced, since the r-f and d-c 
voltage stresses on the tube are no more severe 
than in class C telegraph seinrice. The plate- 
current rating is reduced because of the reduction 
of input. It should be noted at this point that 
the product of plate current and voltage is higher 
than the maximum plate input in some cases. The 
product is purposely higher to allow the use of 
full input at reduced plate voltage, if desired. 
Such operation is possible with tubes of high 
perveance. Hovfever, all ratings are independent, 
that is, none of them may be exceeded. 

Where tubes are designed primarily for the 
amateur market, the plate-input watts per dollar 
of list price is made as high as possible for 
competitive reasons. Tubes designed for the last 
stage of broadcast transmitters must have a rat- 
ing approved by the Federal Communications Com- 
mission. For the purpose of readily limiting the 
radiated carrier power of such transmitters, the 
FCC limits the input power to the last stage by 
assuming certain efficiencies. For high-level 
modulated stages, the efficiencies are shown in 
Table I. 

Table I 



Rated Carrier Power 

Watts 


Plate Efficiency 
Per cent 


100 

250 - 1000 

2500 - 50000 


50 
60 
65 



For example, the RCA-833, which was designed for 
a 500-watt, high-level, modulated carrier, has a 
carrier input of 500/0.6 = 835 watts. 

Given the essential input ratings, the next 
decision is a choice of triode, tetrode, beam 
tetrode, or pentode construction. Triodes permit 
the highest watts per dollar but require neutrali- 
zation. Table II gives some illustrative fig- 
ures on comparative triodes and multigrid tubes . 



Table II 

WATTS PER DOLLAR 

(Max. Class C Telegraph Input 
Watts/$ of List Price) 







Type 


Watts 


Price 


w/$ 




r- 


809 


75 


$ 2.50 


30.0 






803 


200 


7.75 


25.8 


Triodes <^ 




805 


315 


13.50 


23.3 






833 


1250 


85.00 


U.7 


^ 


898 


200000 


1650.00 


121.0 




< 


807 


60 


3.50 


17.1 


Tetrodes ^ 




81A 


180 


17.50 


10.3 


& Pentodes 




303 


350 


3^.50 


10.1 




^ 


861 


1200 


295.00 


A.Q 



Tetrodes avoid neutralization within limits. 
Above 4-5 megacycles very expensive construction 
is required to avoid feedback due to the induct- 
ance of the screen lead. Beam tetrodes and pen- 
todes have the advantage of very low driving 
power. Whereas in triodes the grid must be driven 
highly positive to obtain the peak current pulses, 
in beam tetrodes and pentodes the necessary ac- 
celeration to the electrons is supplied by the 
screen, so that the grid need not be driven far 
positive and thus does not draw heavy grid cur- 
rent. Fig. 10 illustrates these statements very 
clearly. 

Pentodes have the additional advantage that 
they can be suppressor modulated. While sup- 
pressor modulation results in a big reduction of 
carrier output, the absence of heavy modulation 
transformers often offsets this loss in mobile 
installations. Fig. 11 shows a typical suppres- 
sor-modulation characteristic. It will be noted 
that the suppressor current is very lowj hence, 
the modulation power required is very low. It 
is difficult to obtain more than about 80 per 
cent modulation due to the curvature of the char- 
acteristic. 

The next step in design is to determine the 
perveance needed. It is calculated from the de- 
sired plate current and plate efficiency. From 
Fig. 12 it can be seen that practically it is un- 
desirable to swing the grid more positive than 
the plate because the ratio of plate to grid cur- 
rent drops rapidly beyond this point, and as a 
result high driving power is required. If the 
plate and grid voltage are made equal in the sim- 
plified expression for the characteristic of a 
triode, the mu-f actor drops out. It will be noted 
that if plate ciarrent in milliamperes is read at 
E^3 = Eg = 100 volts, the value obtained is the 
plate perveance of the tube in microam- 
peres/volt3/2 . 

Details for calculating the perveance of any 
structure will not be given here as they have 
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been adequately covered by Kusunose.l It is well 
to point out that perveance depends almost en- 
tirely on the effective cathode area and the grid- 
to-cathode spacing. The mu-f actor of the first 
grid or the grid-to-plate or grid-to-screen spac- 
ing have practically no effect on the perveance. 
Table III shows how the required perveance is 
calculated. The ratio of peak plate current to 
d-c plate current is determined from Fig. 6 for 
the assumed operating angle. The current factor 
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TYPICAL OPERATION - CLASS C TELEGRAPHY 



D-C Plate Voltage 
D-C Screen Voltage 
D-C Grid Voltage 
Peak R-F Grid Voltage 
D-C Plate Current 
D-C Screen Current 
D-C Grid Current 
Driving Power 
Power Output 
Power Gain 
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Fig. 10 
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Fig. 11 - Typical suppressor-modulation 
characteristic . 
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PLATE VOLTS (Eb) 



Y. Kusiinose, "Design of Triodes," Proc. I.R.E., 
Vol. 17, No.lOj October, 1929- 



Fig. 12 - Plate and grid family for illustrating 
concept of plate perveance (G) in a triode for 
which 

If Eb = Ec » then G = Ib/Efa^- 



is obtained from Fig. 7. From experience, we as- 
sume the peak grid current is \/U of the peak 
plate current. This assumption permits calcula- 
tion of the minimum perveance, and the required 
grid and cathode structure can then be calculated 
using Kusunose's method. 

The extension of the foregoing method to 
multigrid tubes follows along similar lines. 

When tubes are designed for operation at high 
frequencies, the effect of transit time must be 
taken into account. An experience curve, shown 
in Fig. 1/4, which gives a plate efficiency factor 
as a function of the minimum grid transit angle, 
is used. This efficiency factor is applied to 
the normal efficiency determined from the opera- 
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Fig. 13 
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ting angle and plate swing. The miniimim transit 
angle is determined with the aid of citrves in 
Fig. 13. 

Table III 
DETERMINATION OF MINIMUM PERVEANGE 



Given ; A triode to operate at 

plate volts (E^j) = 750 
plate ma. (I^) = 100 
plate efficiency = 75/^ 

Assume; Half -angle of plate-current flow = 60° 

Then; I^ peak/^b d.c. = ^'^ 

lb peak = ^-6 ^ 100 = ^60 ^^ 



Current Factor 



90$ 



Efficiency = 75% 

= % swing/^ d.c. ^ 90 

75/90 X 750 = 625 volts 



% 
% 



swing 



= 750 - 625 = 125 volts 



Peak Grid Current = lA x 4.60 
= 115 ma. 

Peak Space Current = 4-60 + 115 
= 575 ma. 

Minimiim Perveance = 575/(125)^/^ 

= 411 namp./volt3/2 
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MINIMUM FILAMENT-GRID TRANSIT ANCLC-OeCRCES 

Fig. 14 - Experience curves. 



The next step is to choose materials for the 
electrodes. The choice of any material is based 
on experience and cost. Oxide-coated cathodes 
and filaments are not used in amplifier tubes 
operated with plate voltage above 600 volts. The 
reason is largely because such tubes do not have 
the very considerable power and voltage overload 
capacities which American users are accustomed to 
have in tubes. In an oxide-coated-cathode type 
of tube operating above 600 volts, the danger of 
grid contamination and runaway is too great for 
a commercially acceptable tube. Thoriated-tung- 
sten filaments are used up to 3500 volts, at 
which point loss of emission due to gas bombard- 
ment becomes an important factor. Beyond this 
voltage, pure tungsten filaments are used. The 
relative design emission efficiencies are: oxide 
cathodes, 130 milliamperes per watt; thoriated 
tungsten, 50 milliamperes per watt; tungsten, 7.5 
milliamperes per watt. 

Information on design of oxide-coated cath- 
odes has been given in previous lectures. Tho- 
riated-tungsten cathodes are readily designed 
with the aid of Fig. 15. Tungsten filaments are 
designed from the well-known Jones and Langmuir 
Tables . 
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FILAMENT WIRE DIAMETER - MILS 



Fig. 15 - Design curves of thoriated- 
tungsten filaments. 



Anode materials, arranged in order of cost, 
are: carbonized nickel, carbon, molybdenum, tan- 
talum, external anode copper. The chief advan- 
tage of nickel is very low cost. Carbon has the 
advantages of uniform heating and absence of 
warping. In addition, expensive dies are not 
needed. Tantalum offers the advantage of getter 
action. The power which can safely be dissipated 
in these materials depends largely on the pro- 
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cessing. It is best determined from existing 
successful tube designs . 

The glasses used are No. 8 for low-povfer tubes; 
NO.702-P and No. 705-BA for high-power tubes. No. 12 
and No.3Li.-KW are used for stems with No. 8 bulbs. 
N0.702-P is used with tungsten seals and No. 705-BA 
with Fernico seals. The maximum dissipation per 
square inch of bulb surface has been held to 1.7 
watts for No. 8 and to A watts for No. 702 -P and 
No. 705-BA. 

Insulators most widely used are mica, lava, 
and 21R material which is a ceramic composed 
largely of alumina. The latter has been found 
to have the best mechanical and electrical prop- 
erties. Some power-factor data are given in 
Table IV. 

Insulators must be kept free of conducting 
deposits if power loss at high frequencies is to 
be avoided. Such deposits often will not show up 
when tests for d-c leakage are made, but measure- 
ment at high frequency on a Q-meter will quickly 



reveal the deposits. In the case of very-low- 
power tubes, such loss merely reduces the output. 
In the case of medium- or high-power tubes, in- 
sulator loss may result in cumulative heating of 
the insulator until it fuses and gases the tube. 

Table IV 
POWER FACTOR OF INSULATORS AT 60 MEGACYCLES 



Material 


% Power Factor 


25°C 


300°C 


A00°C 


Fused Quartz 
21R (U50) 
Lava Grade I 
Glass NO.707DG 
Glass NO.702P 
Isolantite 
Glass No. 8 


0.03 
0.06 
0.16 
0.12 
0.28 
0.38 
1.06 


0.0/i 
0.08 
0.33 
0.23 
1.21 
3.38 
12.50 


0.06 
0.08 
0.60 
1.03 
2.86 
6.98 
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THE DESIGN AND CONSTRUCTION OF CATHODE-RAY TUBES 
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Electron guns, whether they be designed for 
use in oscillograph tubes or television tubes of 
the high-vacuxiin type, all depend on the funda- 
mental theories of electron optics for an expla- 
nation of their mode of operation. As previous 
lecturers in this course have demonstrated, it 
is possible to calculate the approximate trajec- 
tory of an electron through various fields of 
force by using the principles of electron optics. 
Electron optics is a relatively new branch of 
science. While knowledge of the subject is ex- 
panding rapidly there are as yet no simple design 
formulas available to the development engineer, 
and much of the work remains in the realm of cut- 
and-try. An \mderstanding of equipotential line 
plots of various types of structures will give 
an excellent idea of where to attack a develop- 
ment problem, but even if vie v/ere able to calcu- 
late c8thode-ray tube performance completely on 
paper, the manufacturing technique has not suffi- 
ciently advanced to permit us to duplicate our 
paper designs. 

While all of the electron guns which we make 
employ the same basic principles, there are dif- 
ferences in achieving the desired ends wlrdch jus- 
tify dividing them into four classes foi- discus- 
sion. I have classified them arbitrarily as os- 
cilloscope. Kinescope, projection Kinescope, and 
Iconoscope guns. These divisions are not rigid; 
indeed, the tendency is toward greeter standard- 
ization. 

Oscillograph tubes do not differ ^reatly from 
Kinescopes except that, in general, the quality 
requirements are less severe. Kip. 1 shows a 
relatively simple type of gun that is used in the 
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Fig. 1 - Electron gun used in type 905. 



905, 907, and 909, a series of 5-inch oscillograph 
tubes. The source of electrons is an indirectly 
heated cathode consisting of a sleeve with a cap 
on one end. Cathode coating is sprayed into a 
depression in the cap and the excess is scraped 
off, leaving a smooth surface about 0.090" in 
diameter. The excess is generally removed with 
a razor blade; the cap may then be pressed against 
a piece of glass or similar smooth surface to 
remove bumpiness. 



The No.l grid is a metallic cylinder enclosing 
an apertured disk, the apertiire being O.O/4.O" or 
0.0:43" in diameter. The cathode must be mounted 
within this grid, with the active surface behind 
the aperture and as close to it as possible . Ap- 
plication of a negative voltage to the grid exer- 
cises the usual control over the emitted elec- 
trons . 

Co-axial with the grid is the No.l anode, an- 
other cylinder enclosing one, two, or more aper- 
tured disks. The No.l anode operates at a posi- 
tive potential; its field supplies the initial 
acceleration to the emitted electrons. The dif- 
ference in potential between grid and No.l anode 
establishes an electron lens which converges the 
electrons toward the axis. When they reach the 
axis, their paths cross and they continue on down 
the No.l anode in an expanding envelope. Those 
v/hich stray too far from the axis are intercepted 
by the masking apertvires and the rest continue 
on into the final focusing field. The No. 2 anode 
of the 905 is a metallic cylinder, while on some 
other types it is formed by a conductive coating 
on the interior wall of the bulb neck. Regard- 
less of the physical nature of the No. 2 anode, 
the potential difference betTfeen the No.l anode 
and the No. 2 anode sets up another electron lens 
which again converges the electrons and, when the 
voltage ratio is correct, focuses them into a spot 
on the fluorescent screen. 

In those cases where the No. 2 anode is formed 
by a metallic coating on the bulb wall, it per- 
forms another function, i.e., the collection of 
secondary emission from the screen. Since the 
screen is a good insulator, the charge built up 
by the arrival of beam electrons can only be re- 
moved by secondsLry emission. Should the bulb be 
left uncoated, these secondaries woxild be col- 
lected by the deflecting plates and cause some 
distortion in the trace. Use of a conductive 
bulb coating removes the loading from the deflec- 
ting circuits . Until recently it has been thought 
that, by properly selecting a very dull-surfaced 
material, reflection from the bulb wall could be 
reduced. Some recent experiments indicate that 
most coatings cause considerably more reflection 
than the clear glass, provided no reflecting 
surface surrovinds the bulb. However, since it 
is sometimes inconvenient to mount the tube in a 
blackened shield, the coating frequently performs 
useful service in this respect. 

In a tube of the 905 type, the deflecting 
plates are rigidly mounted on heavy leads that 
project through the side walls of the bulb as 
illustrated in Fig. 2. The manufacture of this 
type of tube involves some expensive splicing of 
the bulb, and from a cost standpoint it is much 
better to mount the plates directly on the stem. 
To obtain the necessary number of leads to allow 
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direct connection to each of the plates involves 
more stem leads than we have had avEiilable until 
recently. It also involves some unconventional 
basing procedure. In the 906, which is a 3-inch 
tube, these problems were avoided by connecting 
one deflecting plate of each pair to the No. 2 
anode within the tube. This, of course, limits 




Fig. 



2 - Deflecting-plats structure 
of type 905. 



the deflecting circuit to the unbalanced type and 
introduces some distortion into the pattern. A 
study of eqtiipotential line plots of the deflect- 
ing plate structure showed that by bending the 
ends of one of the plates to form a sort of box- 
like structure (see Fig. 3), less distortion re- 
sulted than with the use of flat parallel plates , 
in the case of the unbalanced circuit connection . 
However, with a balanced circuit, bending the end 
of one plate does not help materially smd there 
still exists a considerable distortion of the 
spot in the comers of the pattern. 




Fig. 3 - Opper plates of type 906. 



As I have already mentioned. Kinescope guns 
must in general be capable of better focus than 
those used in oscillograph tubes. Further, the 
focus must be more uniform over the entire scanned 



pattern. Also, since a high-frequency signsJ. is 
to be applied to the control grid, the modulation 
characteristic assumes a position of more impor- 
tance. 

In the RCA-1800, a 9-inch Kinescope, and in a 
developmental 12-inch Kinescope which has been 
used in the broadcast field tests, we have ob- 
tained the best results by the addition of a No. 2 
grid, or accelerating grid (see Fig. U) t to the 
type of gun already described. The No. 2 grid is 
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Fig. 4. - Electron gun used in type 1800. 



interposed between the control grid ( No.l grid) 
and No.l anode and commonly operates at about 
+250 volts. The No. 2 grid cooperates with the 
control grid to form the first electron lens in 
this case. It also acts to shield this initial 
accelerating field from the effects of voltage 
variation on the No.l anode. Thus, when the No.l 
anode potential is varied to bring the spot to 
focus, the current drawn from the cathode, and 
thus the brightness of the picture, is affected 
much less than it would be were the No. 2 grid not 
there. This is a matter of considerable conven- 
ience in operation of a television receiver. 

Unfortimately, we have, as a rule, been unable 
to secure very good focus with this exact type of 
gun when the No. 2 anode potential is much below 
3000 volts, and for low-voltage Kinescopes it has 
been common practice to use modifications of the 
905-type giin. Recently, however, a new factor 
arose in the design of receivers which forced us 
to modify the gun design. When the No.l anode 
draws current, the voltage supply must have fairly 
good regulation to keep the beam in focus. The 
No. 2 anode supply must also have good regulation, 
so that this type of gun requires two well-reg- 
ulated supplies. In the interests of lower re- 
ceiver cost, it seemed desirable that the No.l 
anode draw no current. In the older type of gun 
this was obviously impossible if the masking aper- 
tures were to continue to perform their allotted 
function. Study of this problem has led to the 
use of inverse focusing, that is, the beam is 
first accelerated, then decelerated, and finally 
accelerated again to its final velocity. The 
No. 2 grid has been lengthened and the masking 
apertures transferred to it from the No.l anode 
(see Fig. 5). The current drawn by the No. 2 grid 
is relatively unimportant because the No. 2 grid 
is connected internally to the No. 2 anode. This 
connection, of course, requires that the No. 2 an- 



227 



Vacuum Tube Design 



ode supply have somewhat better regulation because 
of the higher drain, but the No.l anode draws no 
current and only a single regulated power supply 
is needed. This type of gun is capable of giving 
well-focused spots and is now being used in the 
5-inch Kinescopes. 
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Fig. 5 - Electron gtin with zero anode No.l 
current . 



When we come to the projection tube, we find 
that a different set of requirements faces the 
designer. A Kinescope for direct viewing oper- 
ates at a No. 2 anode potential of from 2500 to 
6000 volts. A picture of reasonable brilliance 
can be obtained with peak beam currents of 200 
microamperes or even less. The projection type 
requires a very small image of high brightness, 
suitable for transmission through a lens system 
onto a screen. Since optical systems of a suit- 
able type are only from three to five per cent 
efficient, a major portion of the picture bright- 
ness is thrown away. It is, therefore, necessary 
to use much higher voltages, much higher beam 
currents and much finer focus in the projection 
tube than in any of the directly viewed types. 

Modifications of conventional types of guns 
were able to produce pictiores which were not suf- 
ficiently bright and were not too rich in detail. 
At 10000 volts, peak beam currents of /iOO or 500 
microamperes have been obtained with satisfactory 
focus. However, currents of this magnitude placed 
such a tremendous load on the cathode — since 
the No.l anode current was always several times 
the No. 2 anode current — that the tube life was 
extremely limited. A new design is currently 
being used which, while it has not transformed 
the projection tube into a success overnight, has 
given great improvements in the picture and shows 
promise for even better results in the future. 
In this type, which is shown in Fig. 6, the elec- 
trons are accelerated very rapidly over a very 
short distance, and the crossover occurs at a 
high potential. In this manner a large current 
can be converged into a very small crossover. A 
masking aperture is placed at this crossover, and 
this apert\ire serves as the object for the final 
lens system. InitiaJ.ly, this final lens was 
formed entirely by a magnetic coil placed outside 
of the tube. At present we are using this mag- 
netic lens in conjunction with an electrostatic 
lens of the usual type. With this type of gun, 
peak beam currents as high as 1.5 milliamperes 
have been obtained with good focus at a No. 2 anode 
potential of 15000 volts. 

There are other problems besides that of the 
electron gun which make the problem of television 



projection very difficult. Assuming that we can 
make a gun which will provide sufficient current 
in a small enough spot, the efficiency and life 
of the fluorescent screen must be improved . Most 
of the fluorescent materials we have tried begin 
to saturate both with voltage and current at lev- 
els below those needed. Measurements of secondary 
emission from screens indicate that most materials 
"stick" at fairly low potentials, that is, with 
increasing voltage the ratio of secondary-to- 
primary electrons falls so low that the potential 
of the screen lags far behind the potential of 
the No. 2 anode. So far, only green willemite of 
the type used in oscilloscopes and "magic eyes" 
has shown the ability to reach as high as 20000 
volts. Most of the materials saturate with cur- 
rent, so that as the beam current is increased, 
the efficiency falls as much as 50 per cent in 
some cases . Not much data have been acqxiired on 
life, but previous experience indicates that 200 
or 300 hours is about all we can expect at pres- 
ent without serious drop in light output. 
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Fig. 6 - Projection-type electron gun. 

A new type of trouble met in the projection 
tube is the actual discoloration of the glass due 
to electron bombardment. At 20000 volts and 1 
milliampere, the end of a projection tube will 
acquire a dirty brown discoloration in 20 minutes. 
That this discoloration is not burning of the 
screen is shown by the fact that when the screen 
is washed out of the bulb, the stain remains in 
the glass. While this effect is possibly some 
form of electrolysis, no solution of the diffi- 
culty has yet been found. 

The requirements of the Iconoscope g\m are 
quite unique. Whereas in other types we are con- 
stantly striving for more focused current, we 
find that the Iconoscope tends to work better as 
the current is reduced. On the average, the beam 
current in an Iconoscope is about a quarter of 
one microampere. Some of the tubes operate at 
only 0.1 microampere. This low current operation, 
one might think, shoiild make the design problem 
quite simple, but there are complicating factors. 
First of all, the mosaic is mounted at an angle 
(see Fig. 7) to the axis of the electron gun so 
that the spot will be elliptical even if the 
cross-section of the beam is circular. The beam 
must, therefore, be smaller than would be the 
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case for perpendicular intersection. Secondly, 
the tube operates at a maximum potential of 1000 
volts, and low-voltage beams are more susceptible 
to distortion than high-voltage ones. Thirdly, 
the resolution must actually be quite superior 
to that of a Kinescope. Offhand, it would seem 
that if the beam were capable of resolving 500 
lines, it could transmit all the information that 
the system is capable of passing. Experience has 
shown, however, that a tube possessing resolution 
capabilities of 600 or 700 lines actually gives 
a sharper, cleaner picture than one which will 
resolve only 500 lines. We, therefore, must at- 
tempt to secure the highest possible resolution 
even though it be in excess of that needed theo- 
retically. All these requirements are satisfied 
through the use of a brute-force method . The gun 
utilizes an accelerating grid tied to the No. 2 
anode, the No.l anode being at a lower potential 
as in the 5-inch Kinescope gun previously men- 
tioned. The masking aperture in this case is 
only 0.030" in diameter, and the maximum beam 
current is limited to 5 or 6 microamperes. This 
same type of gun is used in Monoscope tubes. 
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Fig. 7 - Iconoscope outline and electron gun. 



Deflection of the electron beam may be accom- 
plished by either magnetic or electrostatic 
fields, or by a combination of the two. From a 
tube manufacturing standpoint, magnetic deflec- 
tion is by far the more preferable, because of 
its greater simplicity. Electrostatic deflection 
requires that four plates be mounted in the tube, 
either on independent leads brought through the 
side walls of the bulb, or on leads which pass 
through the stem. In the former case, an expensive 
sealing operation is involved, and the question of 
alignment is extremely troublesome . In the latter 
case, the addition of plates makes the mount quite 
long and heavy. It involves the use of multiple- 
lead stems which will carry quite high voltages, 
and brings up a rather complicated basing prob- 
lem. Tube quality is more difficult to maintain 
because of the distortion which occurs in the 



corners of a scanned pattern. The same difficul- 
ties are encoimtered to a lesser degree when only 
a pair of plates is mounted in the tube, the 
other deflection being accomplished magnetically. 

From a circuit standpoint, there are arguments 
both ways. Magnetic deflection requires a very 
carefully designed deflecting yoke and consumes 
considerable power. There is always a serious 
problem in designing the yoke to permit rapid 
enough return or flyback time. Electrostatic- 
deflecting circuits, on the other hand, do not 
consume power but do involve the use of high 
voltages. For oscillograph tubes, there is no 
question that static deflection is superior be- 
cause of the far higher frequencies that can be 
used, but in television the question of pictxire 
quality has thus far kept magnetic deflection in 
the lead as far as any commercial planning is in- 
volved . 

One advantage possessed by electrostatic de- 
flection lies in the absence of the so-called ion 
spot in tubes employing this system. Many of you 
may have noted a small dark spot in the center of 
the screen of some of our Kinescopes. Customers 
quite frequently complain about this spot, claim- 
ing that our production department is unduly care- 
less in allowing the spot to rest stationary on 
the screen, thereby burning it. Such is not the 
case. 

As you know, all of the gas cannot be removed 
from a tube dxiring evacuation. Even though we 
obtain pressures of less than 0.1 micron before 
tubes are tipped off, there is sufficient resid- 
ual gas to be ionized by the passage of the elec- 
tron beam. The positive ions thus formed are 
attracted to the cathode. Arriving there, they 
create negative ions which rush back up the tube, 
strike the screen with great force and permanently 
damage an area on the screen. Due to the mass 
of these ions , they are deflected ty the magnetic 
deflecting fields only a small fraction of the 
distance through which the electrons are deflec- 
ted. Thus, when a full scanned pattern is ob- 
tained on the screen, the ions are scarcely de- 
flected at all and form a spot only slightly 
larger than the size of the electron beam. 

Ions and electrons are affected alike by elec- 
trostatic fields. Thus, if deflection is half- 
magnetic and half -electrostatic, the ions will 
be deflected over the fixll pattern by the static 
field and will create a dark line on the screen, 
somewhat less intense than the spot because of 
the greater area involved. If full electrostatic 
deflection is employed, then the ions are deflec- 
ted over the same area as the electrons, the 
damage done to the screen is diminished because 
of the greater area affected, and no effect is 
visible to the eye over the normal life span of 
the tube. Whether or not this ion spot will 
eventually force us to revert entirely to static 
deflection I do not know, but it is hoped that 
such will not be the case for the sake of ease 
of manufacture. 

The bulb problem is one of the most serious 



229 



Vacuum Tube Design 



encountered with respect to the cost of cathode- 
ray tubes. As you well know, glass blowing by 
hand is expensive. Until we are able to order 
several thousand bulbs at a time and thereby jus- 
tify the development of machinery for bulb manu- 
facture, there seems no way of preventing the 
bulb cost from being a large percentage of total 
material cost. The problem is even more diffi- 
cult than that} machinery which will handle bulbs 
with diameters of nine and twelve inches is not 
in existence, and it will probably take a year or 
two to design such equipment after such work is 
started. 

Until recently, the majority of cathode-ray 
types have been made in Pyrex or Nonex bulbs • The 
3-inch size has used a soft-glass bulb, and we 
are now changing over to soft glass in 5-inch and 
7-inch sizes. The 9-inch and 12 -inch tubes using 
soft glass have presented a serious gas problem 
when conventional exhaust schedules are used, and 
a great deal more work is needed in this respect . 
However, aside from the mere problem of having 
the glass works produce blanks of any sort, we 
impose a more serious problem by our quality de- 
mands. Kinescope bulb faces must be free from 
seeds and bubbles and of uniform thickness. Icon- 
oscope bulb faces must be as nearly perfect op- 
tically as it is possible to make them. In fact, 
optical quality is so important that the face 
plates must be ground and polished on both sides 
before being sealed to the cylindrical part of 
the bulb. Despite these extreme steps, well over 
half of the plates we purchase are unfit for use. 

Many types of cathode-ray bulbs have straight 
sloping sides joined to the face by a rather sharp 
curve. As bulbs became larger, we found that 
the bulb weight could be reduced without sacrific- 
ing strength by curving the sides and maintaining 
reasonably large radii on all curves. The trend 
in design of large tubes is more and more toward 
an "onion" shape; some of the Euiropean companies 
have gone even further than we have in this di- 
rection. 

The construction of the 9-inch and 12-inch 
hard-glass tubes embodies a rather novel featxire. 
It is difficult to blow a large bulb in one piece 
and obtain good enough optical quality. The 9- 
inch and 12-inch Nonex blanks are made in two 
parts. A face plate is stamped in a press mold, 
in the manner employed in making glass pie plates 
and cooking dishes. The conical part of the bulb 
is blown in the conventional way. After the face 
plate is polished, the two parts are sealed to- 
gether on a glass lathe. This procedure provides 
good quality but is rather an expensive process. 

The manufacture of cathode-ray tubes is not 
unlike other tube work in that it constitutes a 
continual series of difficult problems. A great 
many of these problems are due to the fact that 
there is an almost total absence of production 
volume and, therefore, a corresponding lack of 
opportunity for equipment development. However, 
as g\m design stands at present, we areupagainst 



requirements for accuracy that are very hard to 
meet. 

Let us take the cathode mounting for an exam- 
ple. A piece of 0.125" cathode tubing about 11 
millimeters long is fitted with a cap over one 
end. The face of this cap is indented 0.002" and 
experience has indicated that the indentation 
depth should be held to ± 0.0002". A sleeve is 
fitted around the other end of the cathode and 
welded to the stem lead. During activation of 
the cathode the heat causes the tubing to expand 
some 0.009". Yfhen the heater is dropped back to 
operating temperature, the cathode contracts 
about 0.003". To prevent shorts during activa- 
tion, we have to figure on a minimiim operating 
spacing between cathode and grid of about 0.005" 
to 0.006". 

I once ran some curves of cathode-grid spac- 
ing vs beam focus for a typical gun structure. 
The result was the curve shown in Fig. 8. You 
will note that the region of 0.004." to 0.006" 
spacing gives much poorer focus than a closer 
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spacing. A spacing of 0.015" again gives a good 
spot, but for this structure gave insufficient 
current. The current could be raised by opening 
up the grid aperture or by increasing the poten- 
tial on the accelerating electrode, but this 
change would lower the mutual conductance. It 
seems, then, that we need a method of spacing the 
cathode very close to the grid. Furthermore, 
when the cathode expands, it seldom does so along 
the axis of the tube, with the result that the 
emitting area is no longer centered with respect 
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to the grid aperture and the surface of the cath- 
ode is not parallel to the grid. 

Several methods of overcoming these difficul- 
ties have been suggested. The first step was to 
support the cathode by a ceramic disk located at 
about the middle of the sleeve as in Fig. 9. This 
disk was secured to the sleeve by means of tvro 
collars. The outer edges of the disk rested on 
a metal collar bearing on the grid. The spacing 
Tfas maintained by accurate location of the col- 
lars on the cathode sleeve. This method did not 
eliminate all of the expeuasion trouble, nor did 
it completely center the cathode, but it did pro- 
vide a mounting less susceptible to mechanical 
shock. Other ideas of a similar nature have been 
suggested, but most of them involve the disad- 
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Fig. 9 - Ceramic-supported cathode. 



vantage of requiring ceramics that must be held 
to tolerances of ± 0.001", a procedure which is 
not yet practical. 

Another source of never-ending trouble lies 
in the roundness, or rather the lack of it, of 
the anodes which form the final electron lens. 
The No.l anode is conventionally made of either 
1/2" or 3/4" seamless tubing. The shape of the 
end of this tubing contributes largely to the 
shape of the final lens. If the tubing is not 
ro\md, we find that the field is so distorted as 
to produce a focused spot which is elliptical in- 
stead of round. Such a spot results in unequal 
resolution in the picture in horizontal and ver- 
tical directions. Because there are so many 
factors in electron-gun construction over which 
we have no control, it is extremely difficult to 
weigh the importance of the many factors which 
might contribute to making the spot elliptical. 
However, in our judgment, the end of the No.l 



anode cannot vary more than 0.001" from a true 
circle. This variation means a diameter toler- 
ance of only 0.0005"- It is possible to obtain 
a certain percentage of parts which meet these 
limits, particularly if the end of the tubing is 
carefully shaped. However, if any strains are 
introduced into the material during the cutting 
operation, the chances are great that the tubing 
will warp out of shape during high-frequency 
treatment. Rolling over the end of the tubing 
has helped this situation some, but unless the 
material possesses just the right degree of mal- 
leability, the shrinkage on part-making is exces- 
sive. 

One might logically suppose that the inser- 
tion of an aperture in the end of the tubing 
would be sufficient to insure a perfectly round 
edge. One of the reasons why we do not obtain 
as fine a focus as we desire is due to the fact 
that aberration occurs in electron lenses. If 
the curvature of the electric field is not such 
that the force exerted on any electron is pro- 
portional to the distance of the electron from 
the axis, all of the electrons will not come to 
focus in the same plane. This effect is analo- 
gous to spherical aberration in a glass lens. 
Since this aberration does occur in most practical 
lens structures, its effect can be minimized only 
by keeping the beam from passing through those 
non-uniform portions of the lens. It has been 
estimated that the beam diameter should be re- 
stricted to not more than about 30 per cent of 
the lens diameter to avoid serious aberration in 
our guns. With l/2" tubing, this restriction 
means that the beam must be confined to a very 
narrow pencil. Insertion of an aperture with 
sufficient material left around it to provide 
any strength would restrict the beam diameter 
still further and reduce the amount of current 
that could reach the screen. We are somewhat 
better off with the 3/4" tubing in this respect, 
but even here the insertion of apertures has not 
helped a great deal. The use of tubing of much 
larger diameter has always appealed to us as one 
of the easiest ways out of this particular dilemma. 
However, increasing the No.l anode beyond 3/4" 
would require a bigger neck, which in turn would 
require a larger diameter deflecting yoke. A 
larger yoke, we are told, would require too much 
power and render it difficult to attain a suffi- 
ciently rapid return time. There is a possibility 
that a yoke could be designed to button around a 
small constriction in the neck, leaving us free 
to use any desired size of tubing around the gun. 
Indeed, such yokes have been built, but are not 
considered practical for manufacture. 

Even though we may attain the necessary round- 
ness of the No.l anode tubing, considerable dis- 
tortion may be introduced by the glass neck which 
forms the No. 2 anode. Greater tolerances are 
permissible here because of the larger diameter 
and the higher voltage. However, departure from 
a perfect circle by more than 0.0075" causes too 
much distortion in the spot. To obtain glass 
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tubing within such a limit is extremely costly. 
The logical solution for a No. 2 anode seems to 
be to use a metallic cylinder supported by the 
mount. With this construction, however, we run 
into the problem of mounting insulation that will 
stand a potential difference of about 5000 volts 
without having objectionable leakage. 

Since cathode-ray beams are quite susceptible 
to magnetic fields, it is essential that we use 
a non-magnetic material for our mount parts . It 
has been common practice in the past to use Monel, 
but we are trying to find an acceptable substi- 
tute. Too many lots of Monel are received which 
can be picked up with a magnet. Then, too, we 
frequently find that the material has acquired 
magnetic properties after it has undergone heat 
treatment. Nichrome has always been very satis- 
factory from a magnetic standpoint, but the mater- 
ial cannot be obtained in seamless tubing. At 
the present time, we are working with stainless 
steel and Inconel as the most likely substitutes. 

Assuming for the moment that we have obtained 
a perfect cathode mounting, a perfectly round 
anode of non-magnetic material, and a perfectly 
round tube neck, we probably still would be able 
to turn out a sizable quantity of rejects because 
of poor mount alignment. As you noted earlier 
in the discussion, there may be from two to five 
or six apertures along the axis of the gun. These 
must be co-axial to within ± 0.001" if the focus 
is to be good. In the past we have depended 
largely upon mandrels projecting through these 
apertures to line them up. This procedure imme- 
diately imposes the limitation that the aperture 
sizes must all be the same or decrease as we pro- 
gress toward the grid. Furthermore, when it is 
considered that 0.04-0" is a fairly common size 
and even 0.030" is found in soine tubes, the main- 
tenance problem on such slim mandrels can be ap- 
preciated. On low-voltage oscillograph tubes, 
where there is considerable tolerance on focus, 
we have adopted a ceramic mounting. The anodes 
are made gf two formed halves and are welded to- 
gether around two supporting ceramic rods. This 
arrangement appears to work successfully in the 
913 and the new 902, but for tubes with higher 
voltage ratings there is a serious problem of 
leakage across the ceramic rods. To date, none 
of the results from this type of gun have given 
any indication that television quality could be 
maintained by this process. Our television tubes, 
as a result, still utilize a glass-bead type of 
mount. This differs from the conventional type 
in that, instead of using pre-formed beads, we 
weld all the supports to the various parts, sup- 
port the assembly in a jig, and melt the glass 
down over the supports. This procedure prevents 
strains set up during welding from destroying the 
alignment when the mandrel is removed, but it 
does set up strains and warping during heating of 
the anodes and oxidizes the parts so that their 
appearance is poor. 

On the projection- tube mount, we are forced 
to use a different technique. Here the mount 



consists of a series of apertures with no connect- 
ing tubing. Six apertures may be mounted in a 
total length of not over 3/U" , the final aperture 
running at 6000 volts or over. Since the aper- 
ture in the final disk is only 0.004." diameter, 
the use of a mandrel is impossible. Instead, we 
try to hold very close tolerances on the outside 
diameter of the aperture disks and on the center- 
ing of the holes. The disks are then dropped 
into a V-shaped block and alignment depends upon 
the accuracy of the parts . 

Eichaust of cathode-ray tubes until very re- 
cently has been done entirely on trolley posi- 
tions. During the past two years, however, con- 
siderable progress has been made in the develop- 
ment of a machine. At present we have two such 
machines, one for 2-inch and 3-inch tubes, and 
one for 5-, 7-, 9-, and 12-inch types. They 
differ from conventional sealex machines chiefly 
in the size of sweeps used and in the slower in- 
dexing speed. Because of the extremely high vac- 
uum needed, we have found it necessary to mount 
the mercury pumps on the turret and provide a 
pump for each port. The speed has been gradually 
increased until we can pump 3-inch oscillograph 
tubes at the rate of 60 per hour. Television 
tubes can be pumped in from 20 minutes to 1 hour 
per revolution of the machine, depending on the 
permissible baking temperature, the size of the 
bulb, and the type of fluorescent-screen mater- 
ial used. A baking oven is mounted over the 
track for the first six positions. Mr. Kaufmann 
dealt quite completely with the subject of screen 
materials in Lecture 5, so I will mention them 
only briefly. As you know, the most common type 
of screen is the so-called green willemite, which 
is zinc orthosilicate. The silicate screen mater- 
ials are quite stable and easily hsmdled and pre- 
sent no serious problems on exhaust. When the 
demand for a white screen for television arose, 
a great deal of work was done with mixtures of 
blue and yellow zinc sulfides. The yellow sul- 
fide in particular was quite unstable and very 
difficult to handle in production. If the baking 
temperature was raised above 350"-'C, the screen 
was likely to assxime any one of a number of un- 
desirable shades. On the other hand, if the 
temperature was kept below ji25°C, the tubes gen- 
erally failed in five or ten hours because of 
gas . One possible solution involves the use of 
a mixture of blue sulfide and yellow silicate 
material. To date, this mixture seems to have 
most of the desirable characteristics of the sil- 
icate materials. Machine exhaust seems quite 
feasible and the chief problems are to develop 
further the process of making blue sulfide and 
to maintain sufficient purity in the processing. 
Extremely minute quantities of copper are suffi- 
cient to cause changes in the color of the screens; 
and the entire processing of the tubes must be 
free of any contamination. Both of these prob- 
lems can be solved, we feel, and the white mater- 
ial is expected to become standard on television 
tubes before long. 
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There remains to be said a brief word about 
testing cathode-ray tubes. In addition to many 
of the electrical characteristics which are meas- 
ured on receiving tubes, we are interested in 
the questions of focus and brilliance. We first 
try to determine "optimum conditions". These 
might be defined as those conditions which will 
give us the brightest possible picture of the 
required resolution. Resolution can, of course, 
be determined by measuring the size of the focused 
spot. However, any appreciable amount of current 
in a stationary spot would damage the screen ir- 
reparably, so that it is necessary to apply scan- 
ning voltages and measure the width of the scanned 
line by the use of a calibrated telescope. The 
widest line that will give the required resolu- 
tion is chosen depending on the size of the tube. 
The grid bias is then increased until the scanned 
line becomes the predetermined width and the con- 
ditions of bias and focusing voltages are noted. 
Herein lies the first inaccuracy in the testing 
method. It has been shown that the distribution 
of electron density across the width of a sceinned 
line is approximately Maxwellian in nature. The 
light derived from a fluorescent screen depends 
upon the number of electrons striking the screen. 
As the spot is scanned across the screen, it is 
obvious that &ny unit area traversed by the cen- 
ter of the spot will be bombarded by more elec- 
trons than a similar area near the edge of the 
spot. As a result the brightness of a line de- 
creases from the center to the edge. When viewed 
through a telescope with a magnification of some 
50 times, the edge of the line is very indis- 
tinct, and the judgment of the operator enters 
into the reading. Furthermore, if the spot is 
elliptical and the long axis of the ellipse coin- 
cides with the direction of scanning, an optimis- 
tic reading will result. 

Since the apparent line width varies with the 
velocity of scanning, it has been considered nec- 
essary to scan the screen during testing with a 
velocity comparable to that of a television pic- 
ture. Circuits generating saw-tooth voltages at 
about 13000 cycles per second are rather temper- 
amental and are not suited to factory usage . In- 
stead, we use a sine-wave scanning voltage of a 
much lower frequency and adjust the length of 
the scanned line so that the velocity of the spot 
at the center of the screen is the same as that 



achieved with the higher-frequency saw-tooth 
voltage. Sine-wave scanning offers another ad- 
vantage. Since the spot must slow down and re- 
verse its direction, the intensity of the ends 
of the lines is higher than elsewhere. The bright 
spot thus formed at the end of each line has 
virtually the same appearance as a stationary 
spot. By looking at tne end of a line, the oper- 
ator can judge the ellipticity of the spot. Spec- 
ifications call for adjusting the focus, not for 
the narrowest line, but for that condition in 
which the spot at the end of a line has the most 
nearly sjTmnetrical appearance — again a matter 
of judgment. In some types of television tubes, 
we have been focusing for the narrowest horizon- 
tal line, then rotatin.i^ the yoke 90 degrees and 
.measuring the line width in the vertical direc- 
tion. The height and width of the spot, plus 
the width of the line under sjinmetrical condi- 
tions, gives us a measure of the resolution cap- 
abilities of the tube. Testing in this way is 
expensive and not satisfactory for production. 

Having measured resolution, 7;e must then test 
the performance of the fluorescent screen. Form- 
erly, we required two light measurements; now we 
measure only once and calculate the other reading. 
The beam current is reduced to 50 microamperes, 
and the pattern size reduced to a standard area, 
usually 6x8 centimeters. The light output is 
measured from this pattern, and the screen effi- 
ciency calculated in terms of candlepower output 
per watt input to the screen. In the factory this 
reading is taken by means of a photronic cell 
whose output is measured on a light-beam galva- 
nometer. The cell is first placed over the scanned 
pattern, and the meter reading noted. The cell 
is then placed over a ground-glass plate behind 
which is mounted a calibrated lamp on a movable 
socket. The distance from the lamp to the screen 
is varied until the cell shows the same reading 
on the meter as before. The light output is then 
determined from a chart showing light output vs 
distance of the lamp from the screen. This equip- 
ment requires frequent calibration, but in gen- 
eral is considerably more satisfactory than the 
illuminometer used by the laboratory. Some sort 
of light reading will probably have to be taken 
until that far-off day when we can depend upon 
the uniformity of fluorescent materials to a much 
greater extent than we can to-day. 
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ELECTRON BEAMS AND THEIR APPLICATION IN RADIO TUBES 

H. M. Wagner 



BEAM TUBE DEFINED 

The term "beam tube," as used here, covers a 
wide variety of devices. The term is sufficiently 
new so that it does not yet have a generally ac- 
cepted meaning. Of the many different tube types 
maniifactured by RCA, only the "Beam Power Tubes," 
such as the 6L6, 25L6, and 807, are catalogued 
with the "beam" designation. Other types, which 
are beam tubes, are the many cathode-ray tubes 
and the "Magic Eye" types 6E5, 6G5, 6N5, 6U5, and 
6AF6-G. 

A tentative definition^ of "Electron Beam 
Tube" has been proposed as follows : "An electron 
beam tube is a vacuum tube providing a directed 
flow of charged particles substantially in the 
form of a beam or beams and in which the beam 
formation contributes materially to the perform- 
ance characteristics." 

It is not enough, therefore, to classify a 
tube as a beam tube because its space current is 
segregated into beams, except when some new or 
improved performance is achieved by means of the 
beam formation. Among the tube types already 
cited, the beam power tubes depend on the segre- 
gation of the electrons into beams between the 
grid wires without deflection of the beams. The 
cathode-ray sind magic-eye tubes depend on the 
properties of focusing and deflection of electron 
beams . 

METHODS OF STUDYING BEAM FORMATION 
AND PROPERTIES 

Information on electron paths is an essential 
part of the design of beam tubes. These paths 
can be found and studied using the following 
methods . 

A. Without Building Tube 

i)_Gra£hi^cal_Method Usin^ Els.c_tri_c-Field_Pl_ojt 

In this method a plot is made of equipo- 
tential lines throughout a cross-section repre- 
senting the actual tube. An electrolytic tank 
is commonly employed. Metal parts are shaped 
similar to the electrodes of the tube and are 
placed in a tank of slightly conducting electro- 
lyte, such as drinking water, to form an enlarged 
section of the tube. The parts are connected to 
potentials proportional to the voltages to be 
used on the tube electrodes and a movable probe 
dipping into the electrolyte takes the potential 



at any point. By having a null voltage indicat- 
ing device between the probe and an adjustable 
voltage source, the probe can be guided along 
lines of constant voltage and the equipotential 
lines plotted. The equipotential plots in Figs. 
2 to 7 were made by the above method. 

The path of an electron can then be plot- 
ted from the electric-field plot by various means 
involving subdivision of the path into a number 
of short straight lines approximating the true 
curved path. 

This method is laborious and requires con- 
siderable time for plotting the many possible 
paths of electrons emerging from different parts 
of the cathode and having different initial vel- 
ocities. Initial velocities can be disregarded 
in many cases. 

2^)JRubber-Membrane_P£tent^ial_C£njtour 

Parts representing a cross-section of the 
tube are made out of wood or other material. These 
are mounted with their plane surfaces at depths 
below the cathode plane proportional to the cor- 
responding tube-electrode voltages to cathode. 
An electrode at negative voltage, such as a biased 
grid, is higher than the cathode. A thin rubber 
sheet uniformly stretched by a frame is held over 
the parts so that it presses against all the sur- 
faces . It can be shown that a thin flexible elas- 
tic membrane held under uniform tension and 
placed in this way over parts having relatively 
small differences in elevation between them has a 
topographical surface the same as that of the 
electric field in the tube ajid that the path of 
a ball allowed to roll from the cathode is the 
same as that taken by an electron in the tube. 
Initial velocities of electrons are simulated by 
starting velocities of the balls. The electron 
trajectories are determined by observation or 
photographing the paths of the balls. 

J^)_Langiiuir Automatic^ Ele^ctron-Path Plott.er 

The radius of curvature of an electron mov- 
ing in an electric field can be shown to be equal 
to 

2 (V + Vo) 

dV 
dr 



o» 



where V is the electric potential in space; V 
the initial velocity with which the electron en- 
ters the electric field; and dV/dr, the electric 
gradient normal to its direction of motion. In 
Langmuir's apparatus, ^ a double-pointed probe 



Proposed by Subcommittee on Electron Beam Tubes 
of the I.R.E. Technical Committee on Electronics, 
November, 1937. 



2 D. B. Langmuir, "Nature," Vol. 139, p. 1066; 
June 19, 1937. 
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dips into an electrolytic tank holding electrodes 
representing the tube cross-section. The small 
difference of potential between the points of the 
probe, which are close together and insulated, 
gives the potential gradient, while, simultane- 
ously, the voltage on them gives the electric po- 
tential. The probe is supported by a motor-driven 
carriage, the wheels of which are steered by a 
vacuum-tube-controlled electric motor that makes 
the carriage move in a path having a radius of 
curvature proportional to the ratio of the volt- 
ages on and between the points of the probe. The 
carriage and probe thus trace the electron path. 
A plot is made by a pencil attached to the car- 
riage . 

The three foregoing methods of plotting 
electron paths without building a tube are of 
considerable value in beam- tube design, although 
their application is limited. One limitation is 
the neglect of electron spiace charge, which is 
important in many instances. The class of tubes 
in which a magnetic field influences or controls 
the electron paths cannot be studied by this 
means. Because of the geometrical form of many 
tubes, the electron paths cannot be found or else 
they can be determined only for certain cross- 
sections through the tube. Specifically, the 
electron paths which can be determined are those 
which lie in a plane surf ace, 3 and the cross- 
section through the tube must be chosen so that 
this plane cuts no equipotential lines, i.e., the 
equipotential lines must be completely contained 
in the plane. 

As an example showing the geometrical lim- 
itations of the methods, consider electron paths 
in a triode, such as the RCA-56, having a cylin- 
drical cathode and anode and a helical-wound grid . 
The helical grid does not permit a plane to be 
passed which does not intersect lines of force. 
As an approximation, a ring- type grid can be as- 
sumed and substituted. Then there are three 
planes that can be passed which satisfy the re- 
quirements, i.e., one perpendicular to the cath- 
ode and halfway between grid rings, one parallel 
to and through the axis of the cathode and grid 
side-rods, and another through the cathode axis 
and at right angles to the plane through the grid 
side-rods. Electron focusing between grid wires 
occurs in the latter plane and can be examined by 
making a model of half of the tube and immersing 
it in the electrolytic tank so that the plane 
through the model is at the surface of the liquid . 
But , placing the rubber membrane over the straight 
edges of the cathode and anode pieces and the 
circular cross-section grid wires simulates and 
shows the grid-control action of a parallel-plane 



-* It is conceivable that the electrolytic-tank or 
Langmuir method with a submerging probe (three- 
pointed in the Langmuir method) could be adapted 
to plot paths in three dimensions, but the design 
and constructional difficulties involved might 
easily make this adaptation impractical. 



structure instead of the cylindrical tube. In 
general, the geometrical configurations suitable 
for the rubber membrane are more limited than for 
the electrolytic tank and must not only have a 
cross-sectional area containing a two-dimensional 
electric field but they are also limited to two- 
dimensional mechanical symmetry, i.e., they must 
have the same cross-section throughout the length. 

B. By Visual Observations on Actual Tubes 

l)_Tubes_Containin£ Small Suantity_of Gas. 

The presence of a small quantity of gas 
makes visible the region of electron flow and 
shows the outline of the beam. The quantity of 
gas needed to make the beam distinctly visible 
and hence the change in electron paths from good 
vacuum conditions, depends among other things 
upon the depth of the beam cross-section looked 
through. The greater the depth of beam, the 
smaller the gas pressure required. In observa- 
tions on various beam tubes having willemite- 
coated electrodes, H. C. Thompson found that gas 
can be introduced in the tube in quantity suffi- 
cient to give a glow without causing observable 
change in the luminescent traces on the willemite. 
It would appear, therefore, that the electron 
path can be only slightly different than in vac- 
uum. 

The gas can be introduced into the bulb by 
heating the tube parts, by not flashing the get- 
ter, or by the introduction of specific gases in 
controlled quantities on an exhaust system. 

£)_Tube^s_with Solid Metal ot Transiw.rent Metal 
El£ctr odes_C£ated wit.h_Willemite_ 

While the glow in gas is throughout the 
beam, it is often sufficient to know the size and 
shape of the beam cross-section along the path, 
for example, where the beam strikes an output 
electrode or passes through an aperture. Willem- 
ite-coated parts at the desired places in the 
tube auid operating at appropriate voltages show 
the luminescent beam traces. In some tubes cer- 
tain parts have been made movable in order to 
observe the beam traces for different electrode 
positions. The best location of an electrode for 
sharp focus has been determined in this way. 

A technique of utilizing willemite for ob- 
servation and study of electron beams was devel- 
oped and used extensively by H. C. Thompson in 
his research work on beam tubes. ■^ It consists 
of coating the electrodes (the plate, screen 
grid, etc.) with a very thin coating of willemite 
like that used on the target of the magic-eye 
tubes, in contrast to the thick layer applied in 
cathode-ray tubes. It is important that the 



^ H. C. Thompson, "Electron Beams and Their Ap- 
plicationsin Low Voltage Devices," Proc. I.R.E., 
Vol. 2A, No. 10, pp. 1276-1297; October, 1936. 
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willemite be coated thin, particularly on elec- 
trodes operating at low or mediim voltages which 
are commonly used in radio tubes, because wille- 
mite is an insulator and unless it is in a thin 
film the voltage drop due to electrons striking 
and passing through the willemite can be appre- 
ciable, emd hence the potential on the coated 
electrode is different from that on an unooated 
one. In the early manufacture of the magic eye, 
some targets were too thickly coated with the re- 
sult that in some tubes the target was completely 
dark while others were dark only in parts or spots 
where the resistance between the willemite and 
the target was sufficient to drop the potential 
to a voltage below the visible threshold. The 
electrodes in many of H. C. Thompson's tubes have 
been made of sheet metal on which parallel milli- 
meter-spaced lines were marked, and thus have the 
appearance of graph paper when there are two sets 
of lines at right angles. Measurements of beam 
width and deflection are relatively easy with 
tubes having coordinate-marked, willemite-coated 
electrodes. The beam is measured by the coordi- 
nate lines and can be seen directly or with the 
aid of a microscope. 

Transparent metal films can be coated with 
willemite and used as electrodes. Their advan- 
tage over solid metal electrodes is that the lu- 
minescent traces are visible from either side. 
The metal film, when it is thin enough to be 
transparent, has a moderately high electrical re- 
sistance so that there is a voltage drop along 
its surface due to the beam current. This poten- 
tial difference can be small. Various tuning 
indicator tubes which I have made use targets in 
the form of a clear mica disc coated with a film 
of metal and willemite over the metal. Electri- 
cal and mechanical contact is made to the disc 
around its circumference. In this particular 
application of transparent films, the maximum 
voltage drop along the target for a few milli- 
amperes beam current need not exceed ten volts . 

2) _Incande s^c en£e_of Thin ite tal_J'o^il^ 

A sheet of thin metal can be heated to in- 
candescence in areas bombarded by an intense beam 
of electrons. Due to thermal conductivity along 
the metal sheet, the incandescence is not confined 
to the bombarded area but extends beyond it some 
distance depending on the thickness of the metal. 
I have tried tantalum foil as thin as one micron. 
Even foil as thin as this is inadequate where 
good beam resolution is needed, although it is 
good enough for some purposes. 

J^) _lncaxidescence_o£Jiire Mes^hj^ Screen j^ or Helix 

Surfaces other than thin foil can be used 
as incandescent beam- trace indicators. Wire mesh 
is one possibility. A row of closely spaced 



parallel wires5 will show the spread or deflec- 
tion of a beaun from wire to wire. Each wire 
lights up as the beam passes over it. The heat 
conductivity between wires is substantially zero 
but there is some heat radiation. A fine wire 
helix, such as a lamp filament, will serve as an 
indicator. The twisting of the wire into the 
"helical shape provides an increased length of 
path through which the heat must travel. 

^)_Incandescen£e_of Soot_on Electrodes_ 

Soot deposited from a flame has a loose 
texture and is a poor heat conductor. This ther- 
mal insulating property makes it excellent as an 
incandescent indicator. Observations on an RCA-56 
triode having a sooted anode give some quantita- 
tive idea of the efficacy of the surface. The 
parts in this tube are standard except that the 
carbonized nickel anode was held in a candle flame 
so as to coat its interior with a layer of soot. 
The soot adheres well to the carbonized metal 
base. During evacuation the anode was heated as 
hot as possible to degas the soot. I have observed 
the beam traces on the anode for various condi- 
tions including focus. At focus there are bright 
lines on the anode opposite the spaces between 
grid-wire turns, the lines and grid turns spaced 
37.5 to the inch. The incandescent lines stand 
out sharp and distinct, their width being small 
(approximately 0.005") compared with the 0.027" 
spacing between them. The very abrupt change 
from light to dark at the boundary of the elec- 
tron beam on soot is far superior to the beam 
traces on tantalum foil having a thickness of 
only one micron. The bombarded area of the soot 
may be intensely bright while the remaining sur- 
face and the exterior of the anode are dark. 

Sooted and other incandescent surfaces have 
a sphere of usefulness in beam tubes somewhat 
different from that of willemite. Whereas the 
illumination from a willemite surface is approxi- 
mately proportional to the beam density, the 
brightness of an incandescent screen varies much 
more steeply and shows high contrast between por- 
tions of the beam of slightly different intensity. 
Data from the tables by Jones and Langmuir" on 
the characteristics of tungsten are plotted in 
Fig. 1 and show this change. At a temperature 
of 1100°K, the tungsten receives and radiates 
1.027 watts per sq cm and has a light output of 
0.00107 candles. When the power input to the 
screen, and hence the electron-beajn density, is 
doubled, there is a 12-fold increase of bright- 
ness. High contrast is advantageous for examin- 



5 M. Knoll, "Zeitschrift fur Technische Physik," 
Vol. 15, No. 12, pp. 58A-591; 193^. 

" Dr. Howard A. Jones and Dr. Irving Langmuir, 
"The Characteristics of Tungsten Filaments as 
Functions of Temperature," G. E. Review, Vol. 30, 
Nos.6, 7, and 8; 1927. 
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ing the distribution of electron density through- 
out a beam. Incandescent surfaces can be applied 
only to beams of high intensity since the surface 
is totally dark below a moderate degree of elec- 
tron bombardment. 
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Fig. 1 - Indication of beam traces by 
incandescence of tungsten foil. 
(Data on tungsten filaments from 
Jones and Langmuir, reference 6) 



An application of the sooted surface is 
its use in a type of tuning indicator tube having 
intersecting electron beams. Two identical sharp 
beams bombard the surface and are deflected so 
that their traces can be made to overlap. The 
current in the individual beams is adjusted to a 
point where a dull red glow on the soot is barely 
visible. When the beams are deflected, their 
overlap has double the electron density of a sin- 
gle beam and glows brilliantly. 

C. By Electrical Measurements on Actual Tubes 

The electrical characteristics of a tube are 
often the end result of design rather than the 
means for beam study. However, these electrical 
measurements on final tube designs or special ex- 
perimental types can give valuable quantitative 
inf onaation about the beam and moreover show what 
can be done electrically by means of the beam. 
They can show how much of a beajn may be confined 
to a given cross-section or caught by certain 
electrodes; or, a movable electrode or deflected 
beam can explore the ciirrent density throughout 
the beam. Unless care is taken the presence of 
secondary emission or stray electrons may lead 
to an erroneous interpretation of the results. 

EXAMPLES OF BEAM FORMATION 

Contrary to popular belief, good beam forma- 



tion can be had in relatively simple structures. 
Certain work on beams has been undertaken with 
the object of simplifying tube construction and 
of obtaining novel electrical characteristics. 
An instance of this is 0. H. Schade's investiga- 
tion ' of tubes with flat-apertured, punched plates 
replacing wire-wound grids. 

The three types of beam-forming structures 
which follow have been selected because of their 
mechanical simplicity and practical significance. 

A. Cathode Between Parallel Planes 

Fig. 2 shows a cylindrical filament or cathode 
between two parallel plates . The cathode is at 
space potential, i.e., the potential that would 
exist at the axis of the cathode if the cathode 
were not there. As shown, there is a positive 
accelerating field for electrons on the side of 
the cathode facing the more positive electrode 
and a retarding field on the other side. The 
cathode equipotential line divides the cathode 
so that only half of it emits. The electrons 
from the emitting half of the cathode's circum- 
ference tend to move in the direction of maximum 
potential gradient, i.e., normal to the equipo- 
tential lines of the field plot or down hill on 
the rubber membrane model, so that when they ar- 
rive at the positive plate the beam trace subtends 
an angle at the cathode that may be much less 
than 180°. 

The beam trace is wide for the cathode at space 
potential. It can be narrowed by raising the 
cathode potential, or, by what is equivalent, 
lowering the potential on either or both plates. 
The narrowed beam trace is shown in Fig. 3 in 
which most of the cathode surface lies in a re- 
tarding field below the zero equipotential line, 
the emission coming from only a narrow strip on 
the cathode. The electrostatic lines are sharply 
curved in this case whereas the cathode when at 
its space potential causes hardly any disturbance 
of the parallel-plane equipotentials. 

Tests on a tube of this type show sharp-edged 
boundaries of the beam. One plate of this tube 
is operated at 250 volts and the other plate is 
operated at a variable negative potential. When 
the negative voltage is increased, the beam trace 
narrows and the beam current decreases. For a 
tube with a 0.050"-diameter cathode spaced one 
centimeter away from the positive plate, the beam 
current per centimeter length of cathode (depth 
of beam) is approximately one milliampere for a 
beam- trace ¥/idth of one millimeter. 

When the bias on the negative plate exceeds a 
certain voltage, the cathode is surrounded by a 
retarding field and the electron emission is 
wholly cut off. The equipotential lines are then 
the same as those shown in Fig. 7 for a grid at 
a voltage above space potential, if we substitute 



Ref. 25-7. 
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in the diagram a row of cathodes for the grid mostly from the work of H. C. Thompson. Figs. I^ 

wires. to 9 are from his paper. ^ The figures refer to 

a parallel-plane structiire but the beajn behavior 

B. Helical Grid is similar to that for the helical grid. 



The presence of beams in conventional tubes 
having grids is not new. There have been beams 
due to grids ever since DeForest put a grid in- 



l)_Beams_Between_Grid Wire^ 

When a grid is at its space potential 
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Fig. 2 - Equi potential map of region around cylindrical cathode between two 
parallel plates, with cathode at space potential. Arrows on portion of cath- 
ode circumference indicate an accelerating field and electron emission. The 
remainder of cathode circumference is in retarding field with no electron 
emission. 
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Fig. 3 - Same as Fig. 2 except that cathode is above space potential. 



side of a vacuum tube. But the knowledge of their (Fig. U) , its presence in the space has relatively 

properties, their use and application, as in beam little effect on the equi potential lines. Hence, 

power tubes, ° is of more recent date. The fol- the electron paths are substantially the same as 

lowing information on beams formed by grids comes they would be without the grid except for those 



^ 0. H. Schade,"Beam Power Tubes," Proc. I.R.E., 

Vol. 26, No. 2, pp. 137-181; February, 1938. ^ Loc. cit. 
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electrons which are caught by the grid wires and 
leave gaps in the electron flow to the anode. An 
electron shadow of the grid appears on the anode, 
its size being a geometrical projection of the 
grid wires. When the equipotential lines are 
parallel , as between a plane parallel cathode and 
anode, the electrons move in psirallel paths leav- 
ing shadows on the anode of the same width as the 
grid-wire diameter. 9 When the electron paths are 
diverging or converging, the shadow size is mag- 
nified or reduced. 

The equipotential plot when the grid is 
above its space potential (Fig. 5) shows a di- 
verging field in which the beam widens on passage 
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Fig. A - Equipotential map on scale model, 

with grid No.l at space potential. 

(Courtesy of The Institute of Radio Engineers) 

between the grid turns. As the grid potential is 
increased above space potential, adjacent beams 
widen and fill the gaps left behind the grid 
wires. The beam traces widen and cover the en- 
tire anode; then they overlap. On a fluorescent 
anode, we can see approximately double brightness 
at the overlapping beams opposite grid wires. A 
photograph of beam traces on a willemite-coated 
anode in a parallel-plane electrode tube is shown 
in Fig. 8 for various grid voltages and a space 
potential of 76 volts. Fig. 9 is an approximate 
outline of the beam. 



' Actually the shadow size is smaller since the 
electron space charge crowds the electrons into 
the space-cxirrent gap left by the shadow of each 
grid wire. 
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Fig. 5 - Equipotential map on scale model, 

with grid No.l above space potential. 

(Courtesy of The Institute of Radio Engineers) 

Below space potential, the field of the 
grid wires is converging, as shown in Figs. 6 and 
7. At a certain grid voltage below space poten- 
tial, the beam converges to a focus on the anode 
(Fig. 6). At a lower voltage (Fig. 7), the elec- 
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Fig. 6 - Equipotential map on scale model, 

with grid No.l below space potential. 

(Courtesy of The Institute of Radio Engineers) 
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trostatic lines are more sharply curved and bring 
the beam to a focus short of the anode where 
there is a cross-over of electrons so that the 
beam widens in going the rest of the way to the 
anode. As the grid voltage is lowered further, 
the focus recedes from the anode and the beam 



close to cut-off voltage on the grid. This nar- 
row trace is not, due to focusing action by the 
grid but results from the restricted emitting 
area at grid cut-off. 

2)_Eff^cjt of_Mode_Potenjtial_on Beams 
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Fig. 7 - Equipotential map on scale model, 
Aith grid No.l at zero potential. 
(Courtesy of The Institute of Radio Engineers) 



trace widens. However, when the grid becomes neg- 
ative near the cut-off voltage, the emission is 
first cut off from the portions of the cathode 
directly beneath the grid wires and last from 
halfway betv;een wires. Hence, as the grid be- 
comes more negative and the focus recedes from 
the anode, the emitting area on the cathode nar- 
rows so that the beam trace becomes narrow at 




When all voltages on the electrodes of a 
tube with reference to cathode are varied in the 
same proportion, the electron paths remain the 
same. 10 This statement is true both with space 
charge and with cathode-temperature-limited con- 
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9 - Beam formation by grid openings. 
No. 2 volts = 250 
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(Courtesy of The Institute of Radio Engineers) 



ditions over a range where space charge is negli- 
gible, that is, where the paths do not vary with 
voltage for either unlimited cathode emission or 
with negligible cathode emission, but if the emis- 
sion becomes limited as the voltages are raised, 
the paths change in changing from space charge to 
a limited-emission state. Thus, in a triode, if 
the voltages are varied so as to maintain some 
fixed ratio between grid and anode potentials, 
the electron paths do not change. Since it is 
only the ratio of voltages that determines the 
beam path, the effect of a variation in anode 
potential can be considered in terms of a change 
in grid voltage in the opposite direction. An 
increase of anode potential corresponds to a de- 
crease in the magnitude of the grid voltage. If 
the grid voltage is negative, a decrease in its 



Fig. 8 - Beam traces on an anode. 
(Courtesy of The Institute of Radio Engineers) 



-"-0 This statement neglects initial velocity of 
electrons from the cathode. The small velocities 
that exist become important at low voltages. 
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magnitude is in the direction of raising its po- 
tential and hence decreasing the convergence of 
the electron lens. If the grid voltage is posi- 
tive, the increased anode potential is equivalent 
to decreased grid voltage and greater convergence 
of the lens. Thus, an increase in anode poten- 
tial causes either an increase or decrease in 
convergence of the electron beam depending on 
whether the grid is positive or negative. The 
direction of change in beam-trace width with anode 
potential depends not only on the polarity of 
the grid voltage but also on whether or not there 
is a cross-over of electrons or focus in the 
space in front of the anode. 

The tube of Fig. 10, devised by H. C. 
Thompson, shows a possible way of utilizing the 
variation of the beam trace with anode potential 
for a two-terminal oscillator in which the anode 
negative-resistance characteristic is due to beam 
action instead of secondary emission, as in the 
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Fig. 10 - Tube utilizing variation of beam- trace 
width with anode potential for a two-terminal 
oscillator in which the anode negative-resistance 
characteristic is due to beam action instead of 
secondary emission. 



of arcs, the length of arc or angular spread of 
beam on the cylindrical anode being governed by 
the side-rods , while the width of each arcuate 
line is due to the beam formation of the grid 
turns . In triodes where the grid is negatively 
operated and hence below space potential, the 
grid-rod shadow angle may be appreciable so that 
part of the anode circumference is at no time 
bombarded bv electrons and may operate consider- 
ably cooler than the active portion of the anode. 

When the grid is positive and somewhat 
above space potential, the entire anode surface 
receives electrons. Just as besuns between adja- 
cent grid turns widen and overlap as the grid 
voltage is raised above space potential, the two 
beams from the side-rods spread out to occupy a 
greater angle of anode circumference. When each 
beam angle exceeds 180°, the traces overlap on 
the anode opposite the side-rods. 

When the grid is far negative, near cut- 
off, the angle of beam spread on the anode may be 
small with certain grids. Side-rods alone, with- 
out grid winding, provide narrow beams at nega- 
tive voltages near cut-off. An equi potential 
plot'* shows that the emission comes only from two 
areas on opposite sides of the cathode which are 
midway between the rods. In tubes with grid 
windings of elliptical cross-section, such as in 
an RCA-56, the combined field of the grid winding 
and side-rods provides sufficient uniformity of 
field aroimd the cathode circumference so that 
the beam angle is relatively wide near cut-off 
voltage. 

C. Orbital Beams 



dynatron. For certain initial voltages on the 
tube electrodes, the beam focuses on electrode 
No. 2 so that all the electrons pass through the 
narrow slits in this electrode to be received by 
electrode No. 3- Change in voltage on a single 
electrode defocuses the beam. Hence, a rise or 
fall in potential on electrode No. 2 defocuses the 
beam and permits part of the beam to be caught 
by electrode No. 2. The rising current to elec- 
trode No. 2 for decreasing voltage provides a 
negative-resistance element for exciting the 
tuned circuit between electrode No. 2 and the 
positive supply voltage. 

1) -Effect of_Grid Side-Rods 

The grid support-rods split the emission 
from the cathode into two sector-shaped beams 
passing between the rods, each rod casting a 
sector-shaped electron shadow. The size of shadow 
(or narrowness of beam) increases as the grid 
voltage is made increasingly negative. In a tube 
having a cylindrical anode and cathode and a reg- 
ular two-side-rod helical grid, the pattern on 
the willemite-coated anode appears as two rows 



By the term "orbital beams" is meant any of 
various, curved, beam formations. The beam as a 
whole may be curved or bent around so that it ar- 
rives at an electrode hidden from the electron 
source. An application of orbital beams is in 
secondary-electron multipliers. Certain second- 
ary-emissive surfaces have been found to lose 
their sensitivity upon exposure to an oxide-coat- 
ed, thermionic cathode. This desensitization is 
avoided in both magnetic and electrostatic multi- 
pliers by curving the beam so that the secondary 
cathode receives electrons but not evaporated 
material from the thermionic cathode. 

The type of orbital beam to be discussed here 
is that due to a radial electrostatic field. 

l)_Concentric Cylindrical _Elec^trostatic Fo- 
£us^ing_S;^stem 

The focusing properties of a radial elec- 
trostatic field have been examined by Hughes, 



■^ Loc. cit., fig. 5. 
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Rojansky, and McMillen , -'■1 and are illustrated in 
Fig. 11. There are two concentric cylinders with 
the inner one at a higher potential than the 
outer one. This arrangement provides an inward- 
gradient, radial, electrostatic field. An elec- 
tron of a certain velocity can be introduced tan- 
gentially into the space so as to travel around 
in a circular path. This condition exists when 
the centrifugal force of the electron moving in 
a circle concentric with the cylinders is exactly 
counterbalanced by the electrostatic attraction 
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WITH EQUAL SPEEDS 
BUT SLIGHTLY 
DIFFERENT DIRECTIONS 



SECOND 
FOCUS 



Fig. 11 - Focusing with the electrostatic 
field of concentric cylinders. 



Thompson has found from observations on tubes 
with willemite-coated electrodes that a focus oc- 
curs at some angle, find that the beam can be de- 
flected appreciable distances, if the voltage on 
either cylinder is changed, and yet remain in 
focus. Hence, it is possible to move a narrow 
beam trace back and forth over a radial vane lo- 
cated at the correct angle. He has found a sec- 
ond focus at approximately twice the angle of the 
first focus. In my work I have designed and 
tested a variety of structures to serve as a 
basis of tube design. The quality of focus 
changes appreciably with angle. 

In brief, the concentric cylindrical struc- 
ture has inherent beam-focusing and deflecting 
properties. Use has been made of it, as will be 
shown later, in secondary-electron multipliers, 
beam-deflection amplifiers, and converter tubes. 

SPACE-CHARGE AND TEMPERATURE- 
LIMITED CONDITIONS 

Various things have been said about the effect 
of space charge on the electron paths. In order 
to illustrate this effect, I have taken data, 
plotted in Fig. 12, which indicate the grid- 
voltage variation necessary to maintain the best 
focus on the willemite-coated anode of a triode 
as the space current is varied by changing the 
cathode temperature. The triode has a cylindri- 
cal cathode of 0.050" diameter, cylindrical anode 
of 0.790" diameter, and helical grid of 0.160" 
diameter woimd 10 turns to the inch with 0.005" 
wire. 



toward the center. If another electron enters 
the space at the same place and same speed as 
the tangential electron, but in a slightly dif- 
ferent direction, it will move in a curved path 
which crosses the circvilar path. Hughes, Rojan- 
sky, and McMillen show that a group of electrons 
starting nearly tangentially with equal speeds 
cross each other and come to a good focus at an 
angle of n//2 (= 127°-17'). 

H. C. Thompson several years ago examined 
the properties of the radial electrostatic field 
with a view to practical applications. The adap- 
tation of the radial focusing field to radio 
tubes having beam currents of several milliamperes 
at low voltages introduces problems not consid- 
ered in the above analysis. The electrons come 
from a relatively broad straight cathode instead 
of from a line source and may enter the field as 
a broad beam. The introduction of control grids, 
screen grids, and output electrodes in the space 
leaves only an approximation of the radial field. 



Hughes, Rojansky, and McMillen, "On the Anal- 
ysis of Electronic Velocities by Electrostatic 
Means," "Refocussing of Electron Paths in a Radial 
Electrostatic Field," Phys. Review, Vol.34., No. 2, 
pp. 234-295; July 15, 1929. 



Mill 




ANODE VOLTS = 300 






Q BY CHANGING CATHODE 










^ rrfHii T ^ttmti 


o "=», _ Zt 


- •*», - -. -RATIIE 






O " " 1 -t 


u. ^■" 


fr 




u: ^ " " X" ~ ~~ 








f> — _ 






o X " 

















30 40 30 60 70 

ANOOE MILLIAMPERES 



Fig. 



12 - Variation of grid focusing voltage 
with space charge in triode. 



The tests were made with a constant potential 
of 300 volts on the anode and the grid voltage 
•u&s varied to give focus with different cathode 
temperatures. At normal heater input, the anode 
current was 60 milliajnperes with 38 volts on the 
grid for focusing. When the heater input was re- 
duced until the anode current was limited to a 
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small fraction of the space-charge current (ob- 
seiTrations made for anode currents as low as 0.1 
milliampere), the potential on the grid had to 
be raised to 55 volts for best focus. 

The need for raising the grid voltage to re- 
store focus when the cathode temperature and 
space current were reduced can be considered in 
terms of the changing convergence of the grid 
lens. Reduction of space current causes a rise 
in potential throughout the space between the 
electrodes. The grid voltage, if unchanged, then 
becomes relatively lower with respect to the 
space and hence the lens formed by the grid wires 
becomes more convergent, and brings the electrons, 
which were in focus on the anode, to a focus short 
of the anode. The grid voltage must be raised 
to ref ocus on the anode and show the minimum beam- 
trace width. 

SOME APPLICATIONS OF BEAMS IN 
COMMERCIAL TUBES 

The following table gives instances of the 
utilization of beams in commercial tubes. 



Application 


Tube Type 


Date 


A. Reversed grid windings 


A7 


1929 


B. Elliptical grid 


56, 57,58 


1931 


C. Magic eye 


6E5 


1935 


D. Beam power tube 


6L6 


1936 


E. Low-noise, low-screen- 


EF-9 




current tube 


(Philips) 


1937 


F. Anodes of small 






dimensions 


6K8, 1851 


1938 



A. Reversed Grid Windings 

In the early development of power output tubes 
using screen grids, it was noticed that some of 
the screen-grid wires in sample tubes operated 
red hot while others were cool. This effect, ex- 
plained by W. R. Ferris in U.S. Patent 2,0^7,019 
was due to the impinging of electron beams formed 
between the control-grid wires which happened to 
be positioned approximately halfway between the 
control-grid turns. At that time the control 
grid and screen grid were wound in the same di- 
rection, so that complete screen-grid turns could 
be exposed to the electron beams from the control 
grid. This arrangement was changed in the above 
patent by winding one of the grids right-handed 
and the other left-handed so as to permit bom- 
bardment of only portions of the screen-grid 
turns, instead of complete turns. In this way, 
the maximum screen-grid temperatvire was lowered 
because of heat conduction from the short bom- 
barded lengths or arcs of the screen-grid wire. 

Tubes using reversed grid windings have been 
referred to as anti-beam tubes because of the 
chopping up of the control-grid beams by the 
screen grid. However, the Ferris patent shows 



diagrammatically the presence of the besims and 
covers an invention based upon their knowledge. 

B. Elliptical Grid 

One effect of a grid side-rod, as has already 
been mentioned, is to leave a gap in the space 
current to the anode. There is also an increase 
in amplification factor around the cathode cir- 
cumference in the neighborhood of the side-rods 
of such a magnitude that with a circular cross- 
section grid the region on the cathode beneath 
the side-rods may be practically non-emitting 
throughout most of the negative grid-voltage 
range. In order to get a more uniform cut-off 
and an increased active emitting arc of cathode 
(B.Salzberg, U.S. Patents 2,073,946 and 2,100,723) 
the spacing is increased between grid side-rods 
to make an almost elliptical grid. The sector- 
shaped beams due to the wide-spaced side-rods of 
the elliptical grid are relatively wide even at 
high grid bias. 

C. Magic Eye 

The magic eye (H. M. Wagner, U.S. Patents 
2,051,189 and 2,122,268) uses a vane or narrow 
strip parallel to a cylindrical cathode for con- 
trolling the angular portion of illuminated area 
on a conical target. The action is similar to 
that of a grid side-rod in shadowing a certain 
arc of anode circumference from the space current. 
The vane splits the beam of electrons and leaves 
sharp-edged traces on the teirgetj the more neg- 
ative (less positive) the vane, the wider the 
beajn is split, and the larger the sector of dark 
area on the target. A short helix surrounds and 
is welded to the cathode of the eye. Its ftmc- 
tion is to limit the target current. The wire 
of the helix causes some disturbance in the elec- 
trostatic field and introduces in the beam vel- 
ocity components of varying amoxmts parallel to 
the vane. The presence of the helix results in 
some loss of beam sharpness, but the loss is too 
slight to notice without close examination. The 
helix, which is at cathode potential, gives a 
diffused spiral pattern on the target. The spi- 
ral-beam trace is broad enough so that adjacent 
turns overlap and merge to approximate the &p- 
pearance of uniform illumination. 

D. Beam Power Tube 

The beam power tube, 8 in contrast to other 
power tubes having reversed control-grid and 
screen-grid windings, uses grids of equal pitch 
wound in the same sense and assembled so that the 
turns on the two grids are in alignment. The 
beams formed by the control-grid wires pass al- 
most entirely between the screen-grid turns. The 
screen current is materially reduced and hence 



Loc. cit. 
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the voltage on the screen may be raised above 
that of a conventional tube of similar dimensions 
without exceeding the safe screen-grid operating 
temperature. The cathode current is increased by 
the higher screen voltage and the anode current 
is increased not only by the higher screen volt- 
age but also because less of the cathode current 
goes to the screen. As a result, the tube oper- 
ates at higher efficiency and power output. 

Suppression of secondary electrons from anode 
to screen grid, when the anode voltage is below 
that of the screen, is accomplished by space 
charge instead of by the conventional suppressor 
grid. The high electron density and moderately 
large spacing between the screen and anode lower 
the potential in this region sufficiently to pre- 
vent all but high-velocity secondary electrons 
from reaching the grid. The design of tube is 
complicated by the presence of the grid side-rods 
which give a restricted angle or sector-shaped 
beam. Small plates at the sides connected to the 
cathode, and the dimensioning of the tube elec- 
trodes as a whole, are the means employed in ap- 
proximating uniformity of space potential 
throughout the angle of the sector. 

E. Low-Noise, Low-Screen-Current Tube 

Experimental resiiltsbyS. W. Seeley and W. S. 
Barden and a theoretical analysis by B. J. Thomp- 
son and D. 0. North led to the discovery that as 
the screen current in a tube is decreased the 
signal-to-noise ratio is improved, not alone as 
a result of increased transconductance but in 
consequence of a decrease in the noise itself. 
The beam power tube is an example of reduction 
of current to a screen grid by means of grid 
alignment. The screen grid in the Philips EF-9 
actually consists of two grids with their turns 
in alignment, the outer one at a positive poten- 
tial and having current to it reduced by an inner 
grid connected to cathode. The extra "screen- 
shadowing" grid lessens the need for alignment 
with the control grid and permits it to be a 
variable-pitch type or to have a different pitch 
from the screen grid. 

F. Anodes of Small Dimensions 

Tube types RCA-6K8 and RCA-1851 use flat (rec- 
tangular section) cathodes and flat control grids. 
The cathode of either type if positioned by itself 
along the axis of a cylindrical anode to form a 
diode, will emit electrons at all angles and 
reach the full 360° of anode circumference. In 
the above types, the anode consists of two small 
flat plates, one opposite each wide cathode face. 
That the beam can be confined to these small 
plates is due mainly to the moderately large 
side-rods of the flat control grid. These rods 
are more effective in narrowing the beams from a 
flat cathode than from a cylindrical type. Other 
electrodes in the tube at cathode potential, in- 
cluding the metal shell, tend to narrow the beam. 



OTHER APPLICATIONS OF BEAMS 

The preceding section deals with existing ap- 
plications of beams. This section is concerned 
with applications not at present commercial. 
There are many possible ways of using beajns which 
have been proposed and tried, but I am limiting 
the applications in this final section to tubes 
which I have made and tested. The data are on 
actual tubes, which, while indicating what can 
be done , may be far from all that can be realized 
in the types described. 

A. Power Tubes with Beam-Forming Cathodes 

The control grid of power tubes must be driven 
positive in many instances in order to deliver 
the high anode ciirrent at low anode voltage needed 
for efficient operation and large power output. 
The jwsitive grid receives part of the cathode 
current which causes a power loss in the grid- 
input circuit and grid heating. Most of the grid 
current in certain structures comes from an area 
of the cathode directly under the grid wires. 
H. C. Thompson, in recognition of this fact, de- 
vised a cathode with alternate electron-emitting 
and non-emitting areas. The grid wires were di- 
rectly over the non-emitting areas, and the emit- 
ting areas were between the grid wires. By this 
means beams of electrons emitted from the cathode 
passed between the grid wires without bombarding 
the positive grid. The grid current was reduced 
to a small value. An actual triode with these 
features is shown in the paper by H. C. Thompson.^ 
It has a cylindrical anode, helical grid, and a 
cylindrical cathode with oxide coating in the 
form of a helical band. The cathode resembles a 
barber pole. The grid side-rods are shielded 
from the beam current by small rods which lie 
along the cathode. 

A different arrangement for providing a beam- 
forming cathode is shown in Fig. 13a. The cath- 
ode is a fluted column with eight grooves. ^2 j-t 
was made by milling grooves lengthwise in a thick- 
walled, 0.100"-outside-diameter, nickel tube. 
The cathode was completely oxide-sprayed and af- 
terwards scraped so as to leave oxide only in the 
grooves. In effect, an inlaid oxide-coating was 
obtained. The grid is of the longitudinal type, 
and consists of eight straight wires equally 
spaced about the cathode. Each wire is opposite 
an uncoated stripe on the cathode. The anode is 
a cylinder inside of which there is a stack of 
spaced washers for secondary-electron suppression 
from the anode. Suppression is necessary if the 
grid at any time operates at a more positive volt- 
age than the anode. The following data show an 
extreme condition of operation: anode at 10 volts, 
grid at 60 volts, anode current of 114 milliam- 



Loc. cit. 
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(SEE FIG. 13 b) 



ELECTRON BEAM 
FOR GRID POTENTIAL 
MORE POSITIVE THAN 
SPACE POTENTIAL 



Fig. 13a - "Ciirrentless grid" beam triode v;ith 
colxmaiar cathode having oxide-coated flutes. 

peres, and grid current of 9 milliamperes. The 
grid receives only 8 per cent of the anode cur- 
rent when its voltage is six times as positive 
as the anode. When the grid and anode are both 
at 60 volts, their currents are 3-1 and 181 milli- 
amperes, respectively. It v/ill be noted that 
the grid current is less than 2 per cent of the 
anode current. -"-^ 

Although the data just presented are for a 
tube of small power, it is of interest to consider 
the ultimate size of tube of this general type 
that may be built. The oxide-coated cathode has 
received a bad reputation for use in power tubes 
of large size and at high voltages. This reputa- 
tion is to a large extent due to unsuccessful 
attempts to design large tubes without the appli- 
cation of beam principles. I am convinced that 
by proper use of beams it vfill be possible to 
extend the voltage and power rating of tubes 
with oxide-coated cathodes far in excess of pres- 
ent limits. The cathode-ray tube is an example 
of the successful application of the oxide-coated 
cathode at high voltage and high electron-emission 
density and offers encouragement in the power- 
tube field. Grid emission due to grid' heating is 
one of the important limitations in povrer-tube 
design. The absence of grid heating by electron 
bombardment in beam tubes, is an important step 
in avoiding grid emission. 



Fig. 13b shows a photograph of the cathode- 
grid assembly and a photograph of the anode as- 
sembly for a triode of moderately large size de- 
signed by me three years ago. The cathode has a 
diameter of 0.800" and 30 oxide-coated stripes 
2-1/4" long. This tube, tested with 150 volts 
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Ref. 25-13. 



Fig. 13b - Top: Grid-cathode assembly 
of large beam power tube with oxide- 
coated flutes in cathode sleeve. 
Bottom: Anode assembly of same tube. 
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on the grid and anode, had currents of approxi- 
mately 0.05 ampere and 2.4- amperes to the grid 
and anode, respectively. Lack of facilities pre- 
vented proper exhausting or complete testing of 
this tube. 

B. Beam-Deflection Amplifiers 

Some applications of orbital beams will con- 
clude the lecture. Fig. 14. shows a beam-deflec- 
tion amplifier. Electrode No.l, consisting of 
channel-shaped pieces at the sides of and con- 
nected to a flat cathode, causes the electrons 
to emerge in narrow beams. These beams widen but 
are narrowed again at electrode No. 4. due to the 
radial focusing field of cylinders No. 2 and No.3- 
The output electrodes (No. 5) are channel-shaped 
for secondaiy-electron suppression. The beam 
strikes inside of the channel where secondary 
electrons have difficulty in emerging. The beams 
are deflected in and out over the slotted elec- 
trodes No. 4, each located at an angle of 150° 
from the center line of the cathode. This angle 
was found to give a good focus on No.4' 



ELECTRODE 
N22 




Fig. 14 - Orbital-beam-def lection amplifier. 
Path A: Beam deflected to output 

electrode No. 5. 
Path B : Beam deflected to electrode 
No.4 away from output electrode. 



Data were taken on this type of tube with 250 
volts on electrodes No. 3, No.4, and No. 5- The 
beam was deflected by changing the potential on 
the outer cylinder (No. 2). Most of the beam goes 
through the slit electrode (No.4) to the output 
electrode (No. 5) when there is 60 volts on cyl- 
inder No. 2. The output electrode (No. 5) is made 
in two pieces so as to permit separate measure- 
ment of the beams in both halves of the tube. 
This arrangement was necessary because of dis- 



symmetry of the beams, which was to be expected, 
since no special care was taken to make the tube 
accurate mechanically. Data show that with 4 
milliamperes per beeim, with the beam about half 
over one edge of the slit in electrode No.4 
(2 milliamperes to No.4 and 2 milliamperes output 
current to No.5) , the transconductance is approx- 
imately 1000 micromhos per beam and is reasonably 
constant for a total output-current variation of 
1.5 milliamperes. The output electrode is moder- 
ately well-shielded from the beam and has pentode 
characteristics with a "knee" at about 10 volts. 
The transconductance is only slightly different 
with the output electrode at 10 volts from what 
it is when the output electrode is at 250 volts. 

C. Negative Resistsmce 

The device of Fig. 14 can be used as a nega- 
tive resistance element. In this application, the 
outer cylinder (No. 2) is at a positive potential 
sufficient to deflect the beam away from the slit 
in electrode No.4 and onto the outer part of No.4. 
Electrodes No. 3 and No.4 are connected together, 
or can be made as one electrode. When their 
voltage is raised, the beams are deflected in- 
wardly. Their current also decreases as the 
beams are deflected over the edge of the slit in 
No.4 and reach No.5, which may be at a fixed 
voltage. The resistance is negative over this 
part of the characteristic, a value of the order 
of 7500 ohms having been observed for a cathode 
current of 4 milliamperes. 

It is of interest to compare the above device 
with the orbital-beam tube shown in Fig. 18 of 
H. C. Thompson's paper, ^ in which an increase of 
potential on the central electrode No. 3 causes 
the beam to be deflected avray from it, instead 
of toward it, as in Fig. 14 shown here. 

D. Secondary-Electron Miiltipliers 

Fig. 15 shows a two-stage , electrostatic-type, 
electron multiplier in which the input voltage is 
applied to grid No.l and the output is taken from 
electrode No. 6, which is in the form of a mesh 
or grid. Electrodes No.4 and No.5 are sensitized 
as secondary emitters. The beam first strikes 
No.4, which is at 100 volts. Secondary electrons 
from it are attracted toward No. 6, at 300 volts, 
and No.5, at 200 volts. Most of them go between 
the openings of the mesh of No. 6 and bombard the 
upper part of No.5. Secondaries from it are at- 
tracted to No. 6, which is at the highest potential 
in the tube, and receives most of them. Since 
the output electrode is a grid, the electrons 
circulate back and forth between the wires before 
reaching them. This circulation of the electrons 
is undesirable at high frequencies and the struc- 
ture would have to be modified for high-frequency 
use. The orbital-beam tube lends itself readily 
to a single-stage multiplier design, an example 



Loc. cit. 
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of which is shown in Fig. 16. 

Tests were made on the tube of Fig. 15 as a 
double- and single-stage multiplier. For double- 
stage use, the secondary surfaces are at 100 and 
200 volts. For single-stage use, electrodes No. 5 
and No. 6 au-e connected together as an output elec- 
trode and the secondary cathode is at 200 volts. 
Actually, the tube is not designed for single- 
stage use, but the data are approximately the 



and oscillator voltage to another grid. One grid 
is close to the cathode and controls the current 
from it. The other grid, which is surrounded by 
screen grids, varies the portion of this current 
that reaches the anode. The part that does not 
go through to the anode is reflected back toward 
the cathode, where it is a source of trouble, and 
causes electron coupling between the oscillator 
and signal circuits. 




Fig. 15 - Two-stage, orbital-beam, electro- 
static-type, electron multiplier. 



same as for the single-stage design of Fig. 16. 
The tube gives high transconductance because of 
secondary multiplication without resorting to 
especially close spacing between cathode and con- 
trol grid, as in the RGA-1851. Data for a cathode 
current of 2.5 milliamperes in all cases are shown 
in the following table. 



Stages 

of 

Multiplication 


Output 

Current 

Milliamperes 


Transcon- 
ductance 
Micromhos 


None 

1 
2 


2.5 
10.6 
19.5 


1750 

7800 

16000 



E. Converters 

In conventional types of converter or mixer 
tubes, the signal voltage is applied to one grid 



Fig. 16 - Orbital-beam frequency converter with 

secondary-electron multiplication . 
Path A: Primary electrons deflected into multi- 
plier section causing secondary electrons 
which reach output electrode No. 6. 
Path B: Primary electrons deflected avi&y from 
output section and caught by ears of 
electrode No. 4.. 



The tube shown in Fig. 16, which has already 
been referred to as a single-stage multiplier, 
was made primarily for use as a converter tube. 
The signal can be applied to the No.l grid and 
the oscillator voltage to the outer cylinder 
(No. 3). The portion of the beam that reaches the 
anode (No. 6) is controlled by deflection of the 
beam between it and the folded edge of electrode 
No.ji. The part of the beam that goes over the 
edge of No. 4. strikes No. 5, which is a secondary 
cathode, and the multiplied electrons from it 
reach the anode. The rest of the beam strikes 
the edge of So.U and cannot return to the cathode 
region. 

The aim of this tube design is not only to 
avoid electrons reflected to the region between 
cathode and control grid, but also to increase 
the output by means of secondary multiplication. 
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The secondary cathode (No. 5) has a secondary- 
emission ratio of 3-3 at 150 volts. The data 
are approximately as follows: 



Conversion Conductance 
Maximum Voltage 

on any electrode 
Output-Electrode Voltage 



1500 micromhos 
250 volts 
250 volts 



Output-Electrode Current 
Total Cathode Current 
Peak Oscillator Voltage 
(applied to beam- 
deflection electrode) 
Average Current 
to beam-deflection 
electrode 



3.5 milliamperes 
3.5 milliamperes 

20 volts 



< 10 microamperes 
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Lecture 26 

THE DESIGN AND PERFORMANCE OF RECTIFIERS 

A. P. Kauzmann 



INTRODUCTION 

This lecture will deal with rectifying tubes 
as used in ordinary receivers. The performance 
of the rectifying tube is to a large extent af- 
fected by the type of filter circuit following 
it. Filter circuits may be classified into two 
groups, i.e., choke-input filters and condenser- 
input filters. The former are comparatively 
simple to analyze quantitatively, but the latter 
are greatly complicated mainly by the fact that 
the diode is not a linear resistance, that is, 
the current through the diode is not proportion- 
al to the voltage across it but to the voltage 
raised to the three-halves power. Further com- 
plications are due to the short periods of cur- 
rent flow throiigh the diode and the resulting 
transient phenomena which occur not only on 
starting but also in the steady state. Exact 
mathematical treatment of diode performance is 
too tedious for practical application. 0. H. 
Schade has explained in Lecture 19 how to obtain 
by empirical methods a practical solution for 
the output voltage, peak current, and dissi- 
pation of a diode operating into a condenser 
filter by replacing the diode with a fictitious 
ideal diode (one which has no voltage drop for 
any magnitude of current passing through it) and 
an equivalent series resistance which -has differ- 
ent values for a given d-o output current de- 
pending on whether we are observing the d-c out- 
put, the peak current, or the heating of the 
diode. Application of Schade 's method to a typi- 
cal rectifier circuit will be discussed later in 
the lecture. 

A condenser-input filter usually has a large 
condenser immediately following the rectifier 
tube, and then anetwork of chokes and condensers 
to reduce the ripple voltage across the load, 
as shown in Fig. la. In so far as the tube per- 



■^ 






^ 



formanoe is concerned, this network simplifies 
to a condenser (G]_) and load resistor (Rl) , as 
shown in Fig. lb. Rl is equal to the sum of the 
ohmic resistances of the series chokes and the 
output resistor Rq. The value of Ci is the value 
of the first capacitance only. 

Similarly, the choke-input circuit of Fig. 2a 
can be converted to the equivalent circuit of 
Fig. 2b. 



-^WT'-r-'Trinr'- 




Fig. 1 



Fig. 2 

Here, Rl is again equal to the sum of the ohmic 
resistances of the chokes, Li, L2» and the out- 
put load Rq • 

The voltage-doubling circuit as discussed in 
this lecture is really two half-wave rectifiers 
in series. This fact is readily apparent from 
Fig. 3 if a connection were made, as shown by 
the dotted line, between points 1 and 2 which 
are both approximately at ground potential. The 
main difference is that the ripple voltage 
across Rl has a frequency of twice the supply 
frequency, whereas for the half-wave circuit the 
ripple is equal to the fundamental supply fre- 
quency. The advantage of the voltage-doubling 
circuit is that it gives twice the output voltage 
of a half -wave circuit. Its disadvantage is 
that it does not have both cathodes at the same 
potential and as a consequence, better heater- 
cathode insulation must be provided for at least 
one cathode. Compared with the fioll-wave recti- 
fier, the voltage-doubling circuit has the econo- 
mic disadvantage of requiring twice the filter 
capacitance to give the same ripple voltage. 

THE DIODE CHARACTERISTIC 

Vfe can predict the performance of a diode be- 
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cause we know how to predict and extrapolate the 
diode characteristic provided emission satura- 
tion does not occiir. In all diodes with properly 
designed oxide-coated cathodes, the latter re- 
quirement is fulfilled. In the case of tungsten 
or thoriated-tungsten filaments, there may or 
may not be saturation. 




Fig. 3 

For a plane-parallel cathode and anode, the 
current is given as 



2.334 A 
I = — - e^ 



iDicroamperes 



where 

A = area of the cathode in sq cm 
X = distance from cathode to anode in cm 
®d ~ voltage between cathode and anode in 
volts (corrected for contact potential) 

For cylindrical electrodes, the cathode being 
inside and concentric with the anode. 



14.66 L 
rp- 



f 



microaniperes 



where 

L = length of cathode in cm 
r = inside radius of anode in em 
32 = f(r/ro) where Tq = radius of cathode 
e(j = voltage between cathode and anode in 
volts (corrected for contact potential) 

The values of p2 and 3 have been determined by 
I. Langmuir.l However, from the curves of Fig. A 
the value of the constant (I4..66 L)/r $2 is de- 
terminable as a function of the anode and cath- 
ode diameters, the length L being assumed as 1 
millimeter. The ordinates of this figiire labelled 
"perveance in microamperes per volt3/2 per mil- 
limeter" must be multiplied by the sprayed length 
of the cathode in millimeters to evaluate the 
above constant. 



Both equations 
structure as 



where. 



can be expressed for a given 



3 

T 



K e. 



K = perveance of the diode 

2.344 A ,. 1,11 
= (for parallel-plane 

X* case) 

14.66 L ,. , ■ . ■ 1 
= (for cylindrical 

T^' case) 

If we express this equation in terms of loga- 
rithms, we have 

3 
log I = log K + — log e^ 

2 

This is a linear equation in log I and log e^ and 
will, therefore, plot as a straight line on log- 
log paper (see Fig. 5) and will have a slope of 
3/2 (with ed as abscissa) . Note also that the 
perveance may be read directly from this log-log 
plot where it is numerically equal to the plate 
current at e(i = 1 volt. For some of the types, 
it will be necessary to extend the curves in Fig. 
5 in order to read the perveance. 

The above equations assume no initial veloci- 
ties and zero contact potentials. The sum of 
both effects in terms of voltage is never greater 
than about + 1 volt. This is small enough to 
be negligible in most cases where the applied 
voltages are 50 volts rms or more, but care must 
be taken if the characteristic of a tube is 
plotted from observed data. A practical method 
is to place a line having the slope of 3/2 on 
log-log graph paper where the ordinate repre- 
sents plate current and the abscissa represents 
diode plate voltage. This line is drawn to go 
through the highest observed plate ciarrent — diode 
plate voltage point. The voltage should be at 
least 30 volts in order to make negligible the 
effect of contact potential. If the observed 
values are plotted point by point on the above 
log-log paper, a curved line usually results; 
but by trial a constant voltage, representing 
the contact potential, Eq, can be found which 
when added to or subtracted from the observed 
curve will give a straight line having the 3/2- 
power relationship. In Fig. 5 are shown such 
curves for some of the more common RCA recti- 
fiers. Here e^ = voltage between anode and cath- 
ode corrected for contact potential; Eq = contact 
potential (assumed to be + 1 volt); ep = applied 
external voltage between anode and cathode. 

In filament-type tubes, such as the 80, the 
perveance may be computed by a method used by 
Yuziro Kusunose. The effective area. A, of each 



I. Langmuir, "Electrical Discharges in Gases," 
Part II — Fundamental Phenomena in Electrical 
Discharges, Rev. of Mod. Phys., Vol. 3, No. 2, tics and Design of Triodes," Proc. I.R.E., Vol. 



2 Yuziro Kusunose, "Calculation of Characteris- 



pp. 2A7-2A8, Figs. 43 and M; April, 1931. 



17, No. 10, pp. 1706-17ii9; October, 1929. 
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Fig. 4 
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filament is assumed to be the area of a strip 
naming around the filament and having the width 
2X, where X is the distance from filament to 
anode (Fig. 6). If the anode is on both sides 
of the filament (as is usually the case) , this 
area must be doubled. 

METHOD OF OBTAINING GENERALIZED CURVES FOR 
CONDENSER-INPUT OPERATION OF RECTIFIERS 

Diodes with various perveanoes placed in a 



condenser-input rectifying circuit, nave effects 
on the output voltage, peak current, and plate 
dissipation which do not lend themselves to a 
practical mathematical solution. The difficulty 
is overcome by use of empirical curve data which 
have bean generalized so that all circviit con- 
stants, the input and output voltages, and the 
peak, average, and rms cTirrents appear as di- 
menslonless parameters. Typical parameters are 
% E/ ^nax» "CRl, Ip/Ip, and % Rs/Rl- 

We will take as an example a type 80 tube in 
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FILAMENT 




Fig. 6 

a typical fiill-wave circuit (Fig. 7) . Added to 
this circuit, as shown in Fig. 8, In one of the 
plate leads is an oscillograph for measuring the 
peak current, Ip, an a-c meter for reading the 
effective heating current, |Ip|, a d-c meter for 
reading the direct or average current, Ip, and a 
decade box for determining the equivalent resist- 
ances of the diode, r^., |r(il, and r^. Across a 
single plate of the type 80 are placed some 
twenty type 83-v diode plates with a switch in 
each plate lead so that any number may be intro- 
duced in the circuit. 



^ 



^ 



Fig. 7 

Starting with zero resistance in the decade 
box R, and with all the ST/itches in the plate 
leads of the 83-v's open, the circuit will per- 
form in its normal manner. If we watch only the 
Idc meter as we close one switch after another 
of the 83-v's, we shall observe that the Ip 
readings increase due to more efficient rectifi- 
cation. After a certain number of switches have 
been closed, no further increase is observable 
no matter how many more diodes ere switched in. 
This observation means that we have approached 
the condition of having an ideal diode in the 
circuit, i.e., one which has zero resistance in 
the conducting part of its cycle and infinite 
resistance in the non-conducting part of its 



cycle. If, now, the decade-box resistance R is 
adjusted to some value, r, the Ido meter will 
again read its original value. In other words, 
the type 80 diode has been replaced by a perfect 
diode and linear resistance of value r. How- 
ever, the Ipjns meter and the oscillograph will 
not read the same values as originally. The 
same procedure is repeated for Ip and |Ip|, and 
values of resistance r and |r| noted. 



TYPE 80 




N2 2 PLATE 



Fig. 8 



Hence, it is evident that so long as we are 
interested in only one of the three dependent 
currents, we can replace the diode by an equiva- 
lent resistance (and of coiu-se an ideal diode). 
Fortunately, from the data taken, the peak diode 
resistance f(j always can be expressed in terms 
of the peak current i<j and peak tube drop e^ by 
the equation 



id 

where the peak tube drop (diode peak voltage) is 
corrected for contact potential, Eq, as shown in 
Lectvire 19, Fig. 17. This equation is very im- 
portant since it is the only connecting link be- 
tween the graphs (where only ratios and percen- 
tages enter as parameters in both dependent and 
independent functions) and the plate voltage vs 
plate-current characteristics of the tube. The 
relationships. 



r^ = 0.935 I r^jj 



in Fig. 17 of Lecture 19 are justified not only 
because calculations show them to be reasonably 
accurate for current surges having sinusoidal , 
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triangular, and semicircular wave shapes. For 
example, in the equation r^ = C r(i, determina- 
tion of the constant C for the different wave 
shapes gave values between 0.84 and 0.89. The 
value of 0.88 shown in the relationships was de- 
rived for a sine wave and is applicable in most 
cases to wave shapes usually encountered. 

Obviously, just replacing the actual diode by 
an ideal diode and an equivalent series resist- 
ance does not take into accovint the effect of 
external resistance present in the supply line 
and transformers, or of the series resistance 
purposely inserted In some close-spaced recti- 
fier circiu-ts to prevent sputter on switching. 
This external resistance is purely ohmic, and is 
added to the equivalent diode resistance directly 
in each case (see Fig. 17, Lecture 19). For a 
transformer, the external resistance in a half- 
wave circuit is 



^S = ^' ^prim * ^sec 



where a = transformation ratio 



E 



-, read at no load. 



prim 



In the case of a full-wave rectifying trans- 
former, Rgec Mid Egec are for only half of fiill 
secondary windings. 

PLATE DISSIPATION 

The total heat dissipated by the plate of a 
rectifier consists of that radiated by the cath- 
ode (which for practical purposes may be consid- 
ered as entirely surrounded by the plate) and that 
generated at the plate as a result of the plate 
current through the diode. The heat radiated by 
the cathode is easily determined by the equation 



where 



Wfii = Ef X If 



Wfii = filament or heater power in watts 
Ef = filament or heater volts 
If = filament or heater amperes 

The plate-current dissipation can be experi- 
mentally determined by observing the envelope 
temperature under the desired operating condi- 
tion and duplicating this temperature with d-c 
voltage applied to the plate. This method is 
Inconvenient and does not allow of prediction of 
the dissipation of a tube before it is made. 

Another method, which is extremely tedious, 
is to take two simultaneous oscillographs of the 
actual tube voltage drop and the conducting cur- 
rent during the conduction period. The simul- 
taneous ordinates of voltage and cxurent are 
multiplied together to give instantaneous watts 
output vs time. The area under the resviltant 
curve is then integrated over a full period to 
obtain the average dissipation. This method was 



successfully used to check within 5 per cent the 
results of the following two methods. 

By use of the upper chart of Fig. 21 in Lec- 
tvire 19, we can compute the dissipation. A 
typical example will be given later in the lec- 
ture. Considerable error is possible unless 
great care is used in interpolating the value 
for % IRgl of Rl. By this method, the plate dis- 
sipation is 



WattSpej, plate = Upl 



Ir-dl 



The last method, and the one most convenient 
to lose, is the result of ass\iming that the cur- 
rent pulse is sinusoidal in shape. Mathemati- 
cally this is not true but practically the ap- 
proximation is close, the error being probably 
less than 5 per cent based on comparison with the 
oscillograph method. Under this assumption, the 
plate dissipation is 



per plate • ^ d Pper plate 



where 



e^ = diode peak voltage drop during conduct- 
ing period. 

The value of e,^ is obtained from the lower chart 
of Fig. 21 in Lecture 19, or where applicable 
from Fig. 9 byfirst obtaining the peak current, 
and then from the proper diode characteristic in 
Fig. 5 obtaining the corresponding e^. 

SIMPLIFICATIONS WHM MPUT CONDENSER IS LARGE 

1. Peak Currents 

If we inspect Figs. 18, 19, and 20 in Lec- 
ture 19, which show the relationsliip between out- 
put voltage and wCRl, we notice that as wCRl be- 
comes large all the cxurves of Rg (representing 
various diodes) flatten. In other words, if we 
increase the value of the input condenser C, the 
output voltage becomes constant^ and since Rj^ is 
fixed, the output current, Ip = E/Rl becomes con- 
stant. Similarly, from the lower chart of Fig. 
21 (Lecture 19), we notice that the peak-cturent- 
to-average-current ratios also become constant 
as we increase the value of C. Stated in other 
words, if we choose a filter condenser large 
enough, the peak ciirrent, output voltage, and 
outjDut current no longer are a function of the 
condenser size. The data of these curves liave 
been replotted in Fig. 9 where the current ratio 
Ip/Ip per plate is shown plotted against the per 
cent voltage ratio E/^ax per plate* For most 
receiving-set rectifiers, a suitable value of C 
is 16 |jif in a fiill-wave circuit and 32 Lif in a 
half -wave circuit. These values are for maximuni 
rated output of the rectifier tube. 

2. Dissipation 

If we continue along the above line of rea- 



254 



Kauzmann: The Design and Performance of Rectifiers 



c 

3 



IP 



20 40 

7*> VOLTAGE RATIO 



60 80 

0-C OUTPUT VOLTAGE (g) 



PEAK RMS INPUT VOLTAGE PER PLATE(E„„.) n 



Fig. 9 - This curve is for full-wave, half-wave, 
and voltage-doubler rectifiers with condenser- 
input filters. It applies for any size condenser 
as long as the condenser is large enough to give 
maximum output voltage for the given output cur- 
rent and rms voltage input. For half— wave and 
voltage-doubler rectifiers, average load cvirrent 
Ip = I; for full-wave rectifiers, Ip = 0.5 I. 

n = 1 for full-wave and half -wave rectifiers. 

n = 2 for voltage-doubler rectifiers. 



soning and place an infinitely large condenser 
after the rectifier, there will be no ripple in 
the output, and we shall have a pure d-c output 
voltage E. As a result, the maximum tube drop 
Sd (Fig. 10) must be equal to 

®d ~ Ejiax - E 

where Emajc = peak input voltage per plate. We 
have already indicated that the plate dissipa- 
tion can be expressed as 

^^**^per plate = °-^^ '^d ^P per plate 

Substituting for e^j the value just considered, 
it is evident that 

WattSpej. plate = '^'^^* (^ax " E) Ip per plate 



However, from the lower chart^in Fig. 21 of Lec- 
ture 19, it is apparent that Ip reaches its max- 
imum with values of condenser not necessarily 
infinitely large; in fact, the fp/Ip ratio has 
reached a constant value before E reaches a con- 
stant value. The above equation is, therefore, 
.iustified so long as a sufficiently large con- 




Fig. 10 

denser is used. The condenser should be large 
enough so that any further increase in Its ca- 
pacitance will cause no further appreciable in- 
crease in E. 

CALCULATION OF PEAK CURREHT AND DISSIPATION 

Assume that a type 5W4 tube is working as a 
full-wave rectifier with the following voltages, 
currents, and circuit constants: 

Transformer — 

Primary: Voltage = 120 volts (rms) 
Frequency (f) = 60 cycles 
Resistance = 1.05 ohms 

Secondary: Voltage = -400 volts (rms) per plate 
Resistance = 22 ohms per J secondary 
Load Resistance (^Rl) = 3500 ohms 
Output Voltage (E) = ^02 volts 
Output Current (I) = 114. millL amperes 
Input Condenser (C) = 4 |if 

The notations used will be those indicated in 
Fig. 17 of Lecture 19. The exteintial series re- 
sistance per plate, Hg, is all due to the trans- 
former. Therefore, as we have already seen. 



Rs = -■ 



pr ii 



+ R 



1/2 soc 



400 
120 



1.05 + 22 = 10.65 



+ 22 = 
33 ohms 



Other working constants needed are: 
402 






400 /2 



100 = 71% 



(see Fig. 19 in Lecture 19) 



wCR^ = (2n X 60)(4 x lo )(3500) = 5.28 
(See pigs. 18> 19, 20 in Lecture 19) 

nuiCRj^ = 2 X 5.28 = 10-5 

(See pig. 21 in Lecture 19) 
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1. Peak Current Determination 

With entries of ojCRl = 5.28 and % (e/ ^ax) - 
71 %, we locate point A on Fig. 19 (Lecture 19) 
and obtain 







Ri 


whence 
Since 


% 


= \\% X 3500 = 385 ohms, 
Rs = Rs + Td 



where Rs is the external series resistance of the 
transformer and equals 33 ohms, we have from Fig. 
17 (Lecture 19) 

?d = 385 - 33 = 352 ohms 
r^ = 0.85 rd = 0.S8 x 352 = 310 ohms 
l^dl = r(i/0.935 = 332 ohms 
Rg = Rs + r^ = 33 + 310 = 3A3 ohms 

3A3 
Rl 3500 



%"-^ = 



X 100 = 9. 



nRL 2 



Now we can obtain the ratio of peak current 
to d-c plate current from the lower chart of 
Fig. 21 (Lecture 19). Using as entries nwCRL = 
10.5 and % (Rs/hRl) = 4..9 ^, we locate point B, 
and obtain 



Ip per plate 



= 6.2 



and the total dissipation is the sum of the plate 
watts (Wp) and the filament watts (Wf ) or 

Wp + Wf = 2(5.2) + (5 X 2) = 20.4 watts * 

b) By equation: WattSp^^ p;Late ~ '^p'^ ^ ' ^dl 

Since we have found the value of |r(j| to 
be 332 ohms, and if we add the transformer re- 
sistance Rs = 33 ohms, then from the equation 



we have 



and 



iRgl =Rs+ Ir^l 



|Rsl = 33 + 332 = 365 ohms 



^ 'Is! = — 361_ X 100 = 5.2% 
nRL 2 X 3500 

Using as entries 

niuCRL = 10.5 and % (|Rsl)/ nRL = 5.25? 

we locate point C on the upper chart of Fig. 21 
(Lecture 19) and obtain 



Ur 



= 2.2 



Therefore, 



|I_,| =2.2x±iit 



^p per plate 



lU 



= 125.5 rms milliamperes equivalent 
2 



Hence, 

Wattsper plate = (0.1255)'' x 332 = 5.2 
and the total dissipation is 



Wp + Wf = 2(5.2) + 10 = 20. A watts 



Therefore, 



lU 



Ip = 6.2 x ^^^^ — 354 milliamperes 



2. Total Dissipation 
a) By equation: 

^^**^per plate = °-^^ ^d Ip per plate 

Since !„ = 354- milliamperes, and from curve 
H of Fig. 5 snowing the diode characteristic of 
the 5W4, we obtain 

e^ = 109 volts 
Therefore, 



DESIGN OF A RECTIFIER FOR A GIVEN 
OUTPUT CURRENT 

The problem is to design a full-wave recti- 
fier to operate at 400 volts rms per plate, and 
to supply sin output current of 200 milliamperes 
at an output voltage of not less than 4OO volts 
d.c. The filter is to be of the condenser-input 
type, and it will be assumed that the size of 
the condenser will be large, i.e., 30 [xf or 
greater. This assumption greatly simplifies the 
work . 



Watts. 



per plate - O.84 x 109 x (0.114/2) - 5.2 limited to 19.7 watts. 



* This dissipation is not safe for the 5W4 be- 
cause its MT8G envelope has a maximum dissipation 
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The problem has definite steps as follows: 
(1) Design of cathode and determination of heater 
power; (2) determination of spacing between anode 
Eind cathode; and (3) choice of proper envelope 
based mainly on dissipation reqiiirements . In 
connection with the second step, it should be 
noted that improper spacing may give rise to im- 
practical mamxfacturing clearances, high peak 
cvtrrents, excessive dissipation, and too low a 
d-c voltage output. 

1. The Cathode Design 

The cathode will be assumed to be cylindrical 
and is indirectly heated. From the tabulation 
of design constants in Table I, we find that for 
each 19 to 25 milliamperes of d-c output cur- 
rent required, there must be a power input of 
one watt to the cathode . Choosing 20 milliamperes 
per watt, and remembering that we want an output 
current of 200 milliamperes, we find that the 
total power for both cathodes will be about 10 
watts. If we assume a nickel cathode with an 
outside diameter of 0.065" and a radiation loss 
of 3.5 watts per square centimeter (see Table I), 
the length of the coated area of the cathode is 
determined. Allowing an uncoated length of 3.5 
millimeters at each end, and assuming that the 
radiation from shiny nickel is one-half that of 
oxide-coated nickel, we have by the formula 



Effective Watts 



per 3 q cm 
Watts Input 



per cathode 



nd 



c oat od 



uncoated 



where d and L are in centimeters, 

5 



3.5 = 
whence 

and 



n (0.065" X 2.54)(L^„..., + 0.35) 

C O tt If o u 



L^„..^. = 2.4 cm 
c o a t e a 



Coated Area = 1.25 sq cm 

The sketch in Fig. 11 shows the cathode design. 

2. Anode Design and Its Effects on Peak Current. 
Voltage Output, and Dissipation 

In Fig. 12 are shown the effects on peak 
current, voltage output, and total dissipation 
as the anode diameter is varied. From these 
curves the final anode design maybe established. 
Only the determination of one point on each of 
the curves will be carried through to show the 



methods used. 

Since a large input condenser for the filter 
was assiimed in order to give maximum output volt- 
age, we may use the simplifications previously 
described for our calculations. The voltage out- 
put and peak tube drop are computed from 

— '^ /\ 

E = Ejjax ~ ®d 

and the peak currents are established from the 
curve of Fig. 9 showing ratio Ij/ Ip p^^. p^^te 
versus the % voltage ratio E/ E^iax per plate* 



-4 



3.5 

MM 



3.4 

MM 



u 



a 



_i 



.065 
O.D. 



Fig. 11 



Let us arbitrarily assume that E = 0.75 ^ax* 
The steps necessary to obtain points for Fig. 12 
are to determine: ^(1) the output voltage Ej (2) 
the peak current Ipj and (3) the total dissi- 
pation Wtotal- From the equation above, E and 
the peak voltage drop are immediately obtainable. 

E = 0.75 X 4.00 \/2 = 424. volts d.c. 

ed = 4.00 /2. - 424 = 141 volts d.c. 

From Fig. 9, for E/ %aax. =0.15, we obtain 



/\ . — 



^F ^P V^^ plate - o«°5 



and since the Ip for one plate is half the total 
output, the peak current is 

Ip = --=^ X 6.65 = 665 milliamperes 

Peak currents, for convenience in comparing 
with other tubes, are expressed in Fig. 12 in 
terms of milliamperes per square centimeter of 
cathode surface. Since the coated area of the 
cathode is 1.25 square centimeters. 



Ip/sq 



cm = = 585 milliamperes 

1.25 



The plate dissipation can now be computed. By 
the equation 

WattSpgp plate ~ '^•^^ ®d ^p per plate 
we have 

WattSpej. plate ~ ^-H x I4I x 0.100 = 11.84 

The total watts dissipation for two plates and 
two cathodes is 

Watts^-o^al = 2(11.84) + 10 = 33.7 
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INSIDE DIAMETER OF ANODE- MILS 



Fig. 12 - Effect of varying anode diameter 
in rectifier design. 

Note that all data have been obtained ex- 
cept the diameter of the anode. This c«in now 
be determined to satisfy the assumption that 
E = 0.75 E^aax* ^ view of the fact that we now 
know the peak voltage drop e^ and the correspond- 
ing peak current In. As the first step in de- 
termining the anode diameter, we must establish 
the perveance, K, of the diode by means of the 
equation 

A A § 

It is a simple slide-rule oalciilation to deter- 
mine K if it is remembered that ^^' - e^ ved- 
Therefore , 

665 



0.397 



ma. 



141 



volts 



f 



397 



aicroamp. 
volts 



In Fig. -i^the perveance is given in microamperes 
per volt^'^ for a cathode 1 millimeter long. 
Therefore, the perveance per millimeter length 
for our problem diode with its cathode having a 
coated length of 2l^. millimeters is 



'per mn 



397 -^ 
= 16.5 microamp./volt'/mm 

24 



With entries of cathode diameter (65 mils) and per- 
veance per millimeter (I6.5 microamp./volt^/^/mm), 
we locate point D in Fig. 4 from which is ob- 
tained the inside diameter of 167 mils for the 
anode . 

We have now obtained data for the d-c output 
voltage, peak current density, and total dissipa- 
tion corresponding to otir anode diameter of 167 
mils. Each of these values corresponds to one 
point for each of the three curves of Fig. 12. 
The actiial curves for Fig. 12 were obtained by 
repeating the above computations starting _with 
various assumed values of output voltage E, as 
the independent variable. 

Now from the data presented in Fig. 12, we 
are able to weigh one factor against another in 
determining the final inside diameter of the 
anode. These factors as previously explained are 
d-c output voltage, peak plate current, manufac- 
turing clearances, and total dissipation. First- 
ly, it is apparent from the output voltage curve 
that in order to get a d-c output voltage of 4.00 
volts d.c, the anode inside diameter must not 
exceed 190 mils. Secondly, from the curve of 
peak current per square centimeter, the minimum 
anode diameter can be set by the following con- 
siderations. It might appear on first thought 
that this peak current per square centimeter 
should be limited solely by the emission satiu"a- 
tion current which for a cathode dissipation of 
3.5 watts per square centimeter will be of the 
order of 12 amperes per square centimeter. How- 
ever, from experience we know that such heavy 
current densities actually produce hot spots on 
the cathode with sufficient heat to vaporize the 
cathode and cause arc-back. For a practical 
value, therefore, past experience is called upon, 
and using the averages of tubes made in the past 
(see Table I) a value of 800 milliamperes per 
square centimeter must be chosen as a maximum. 
From Fig. 12, this fixes the minimum anode in- 
side diameter at 110 mils. Thirdly, the clear- 
ance must be kept to not less than 20 mils for 
maintaining reasonable man\ifactiu-ing tolerances. 
On this basis, the minimum inside diameter would 
be 105 mils (65 + 20 + 20), and so we see that 
the 110-mil value is satisfactory for clearance 
from a manufactiuring standpoint. Fourthly, from 
the dissipation curve, the total dissipation for 
the smallest permissible anode diameter (which 
was determined by the peak current per sq cm) is 
22.5 watts for two plates and two cathodes. 

The final design, therefore, will have the 
folloTfing specifications: 



Cathode diameter 
Anode diameter 
Peak plate current 

Total dissipation 
Max. possible volt- 
age output 



= 65 mils 
= 110 mils I.D. 
= 800 ma./cm^ 
= 800 X 1.25 om^ 
=22.5 watts 

= ^90 volts 



1000 ma. 
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3 . Choice of Envelope 

Having determined the total dissipation of the 
rectifier tube, we are ready to consider the 
size of the envelope. For a total dissipation 
of 22.5 watts, we find from Table I that the en- 
velope in metal must be an MTIOA, or in glass it 
must be an STI4. 

CHOKE-DJPUT FILTERS 

No serious dlfficixlties are involved in pre- 
dicting diode perfonnance in choke-input filter 
circuits. In Fig. 13 is shown a typical full- 
wave, choke-input circuit and the resulting out- 
put voltages and currents. 



These relations for E represent the maximum out- 
put voltage available at very small output cur- 
rents . 

The_output current consists of a d-c compon- 
ent, I = E/Rqj where Rq is the sum of the load 
resistance R^ and the oliraic resistance of the 
choke L. To this component are added the higher 
harmonic components of v/hich the term in cos 2u)t 
is by far the largest. The average drop through 
the diode is, therefore, equal to the tube drop 
corresponding to the average current I flowing 
through it. The output voltage for ejiy output 
current is thereby closely approximated by sub- 
tracting from the maximum possible E the cor- 
responding value on the voltage— current charac- 
teristic of the diode es shown in Fig. lA. 




0.9 E 




Fig. U 

The peak current i^ is closely approximated, 
if we neglect the higher harmonics, by determin- 
ing the peak of the 2nd harmonic ripple current 
and adding it to the average output current I. 




id = I * I^f 



e (0.425) 

max ^ ^ -ii^w / 



Zt 



'St 



Fig. 13 - Typical full-wave, choke-input circuit. where 



The output voltage e^ is for all practical 
purposes a series of half-sine waves which may 
be expressed by a Fourier series as 

®o '^ ®Bax tO*637 + 0.425 cos 2t.)t - 
0.085 cos 4wt + 

0.364 cos 6u)t - ] 

From this Immediately can be determined the d-c 
output voltage, 

E = 0.637 e_^^^ = 0.637 /2 |e| = 0.90 |e| 



'zt 



2ooLj - 



2uiC 



(See Pig. 13) 



This eqviation assumes that the impedance of the 
capacitance C is small compared to the load re- 
sistance Rl shxmting it. 

The plate dissipation for full-wave, choke- 
input filter circuits is also readily computed 
if it is assumed that the ripple current is 
small compared with I. Then the total plate 
dissipation due to plate current flowing is sim- 
ply the product of the d-c output current I by 
the tube drop id for that output current. 

Total Watts Dissipated = Wattsf j^i + I e^ 
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Vacuum Tube Design 



RIPPLE VOLTAGE 

The ripple voltage with which we are concerned 
is that appearing directly after the tube. 

For condenser-input filters, the frequency of 
this ripple is the same as that of the supply 
voltage for half -wave circuits, and is twice the 
supply frequency for full-wave and voltage- 
doubler circuits. Fig. 22 in Lectiire 19 evalu- 
ates the ripple voltage in terms of parameters 
containing equivalent tube resistance, condenser 
filter, and load resistance. 

For full-wave, choke-input circuits, the rip- 
ple-voltage frequency is twice the supply fre- 



quency, and is approximately equal to the 2nd 
term of the Fourier series shown in the preced- 
ing section on Choke-Input Filters. 



'8f 



E.., (0.425 cos 2u)t) 

B ft Z 



This may be further corrected by subtracting the 
tube drop corresponding to a plate current eqtial 
to the output current I. 



^2t =" ^^ii.»x - ecj)(0.425 cos 2a)t) 



Table I 



HSJPIRICAL DESICM DATA FOR RECTIFIERS 



This table has been prepared from data on 16 types of RCA rectifiers, mostly for receiving-set 
applications. In the case of watts per sqiiare centimeter radiated from the cathode, conduction 
losses were lumped with the radiation losses by assuming that the radiation per square centimeter 
from the uncoated portions was one half that for the coated portions of the cathode. 



ITEM 


FILAMENT 
TYPE * 


CLOSE-SPACED 

INDIRECTLY HEATED 

CATHODE TYPE 


MERCURY-VAPOR 

COATED-FILAMENT 

TYPE ** 


UNITS 


Cathode Radiation 
per sq cm 


3.5 -4.0 


3.5 


4.6 - 4.7 


Watts 


D-C Output Ciirrent 
per watt input to 
filament or heater 


17 - 25 


19 - 25 


17 


Milliamperes 


Peak Current 

per watt input to 
filament or heater 


100 - 175 


170 - 200 


150 


Milliamperes 


D-C Output Ciu-rent 
per sq cm of 
cathode surface 


70 - 90 


70 - 100 


80 - 90 


Milliamperes 


Peak Current 
per sq cm of 
cathode sui-face 


400 - 600 


600 - 800 


700 


Milliamperes 


■«■ With No, 16 alloy filament ^«- 2500 volts (rms) per plate max. applied voltage 


ITEIiJ 


METAL SHELLS ° 


GLASS BULBS o° 


UNITS 


Envelope 


MT8K 


MT8G 


MT8B 


MTIOA 


ST12 


ST14 


ST16 # 


- 


Dissipation 


7.8 


14.5 


19.7 


35.0 


16.5 


23.5 


41 


Maximum Watts 



° Values are on basis of 2.5 watts per sq. in. Above this value, the paint on the shell burns. 
°° Values are on basis that getter flash is small and confined to bottom of bulb. 

# With N0.8I4KW glass stem. When the STI6 bulb is used for full-wave, mercury-vapor tubes with 
550 volts rms per plate, the effective dissipation is decreased to about 17.5 watts depending 
on the ambient temperature. This limitation is necessary to prevent arc-back under conditions 
where only natural cooling is used. 
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